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T  HEME 


The  growing  interest  and  increased  activity  in  exploiting  ocean  resources  promotes  this 
Specialists'  Meeting  for  the  dissemination  exchange. and  integration  of  experimental  and  theoretical 
findings  as  well  as  formulating  cooperation  for  problems  remaining  unsolved. 

Underwater  Electromagnetic  Propagation  has  experienced  a  rebirth  with  increased  activity 
beneath  the  oceans.  Two  portions  of  the  electromagnetic  spectrum  fill  the  gap  previously  occupied 
by  acoustics  VLF/tLF  and  optics.  This  resulted  from  their  comnon  characteristic  of  propagation 
along  air-sea  transmission  paths.  Cities  gives  high  resolution  at  short  range.  VLF  offers  low 
information  rates  at  long  ranges. 

Typical  optics  applications  for  both  military  and  commercial  utilization  are  identification, 
recognition  and  salvage.  VLF/ELF  offers  extensive  communication  possibilities  aind  underwater  remote 
control.  Bottom  mapping  from  the  air  with  coherent  radiation  shows  promise. 


The  Program  has  been  divi  it'i  •j-.ially  between  radio  and  optics  as  foilowsi 
SESSION  I  "■  VLF/ELF .-Radiation  and  Propagation  in  Sea. 

SESSION  II  VLF/ELF  Electromagnetic  Noise,” 

SESS|0N  III  Air  Sea  Interface  and  Scatter. 


SESSION  IV 
SESSION  V 
SESSIO,.  VI 
SESSION  VII 
SESSION  VIII 
SESSION  IX 


MHD  of  the  Ocean, 

Round  Table, -opefr-fortMT 
Optical  Properties  of  Sea  Watery 
Imagpry. 

Resenrch  Program  in  Optical  Oceanography. 
Round  Table,  open  forum.  J 
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Allocution  de  Bienvenue 

de 

Monsieur  Louis  RAGONNET 

Ingdnieur  gfindral  de  l^re  classc  uc  3'Arnament 
chef  du  groupe  Tfilfcorminications  du  Service  Technique  des  Constructions  et  Armes  Naval es 


-  Amiral, 

-  Mcoideur*  Isa  Presidents  dt  la  jvSsaate  reunion, 

-  Mesdames,  Messieurs. 

Je  voudrais  tout  d'abord  a'associei-  &  Monsieur  le  Profcssuur  CUR1EK  pour  vous  souhaiter  la 
bier  je  et  pour  reaercier  le  "Cooitfi  de  Propagation  de  l'Onde  E’  ectrcangnStique"  d'avoir  organist  la 
pr£s  . e  reunion  sur  le  thAme  de  "l'Electrceiagnitisme  de  la  Mer".  Je  voudrais  egal  ament  souligner  aprAs 
M.  le  V.A.  d' O' GRADY  combien  ce  theme  sst  actuel  et  important,  non  seulecieot  du  point  de  vue  de  la 
Recherche  Scientifique,  aaie  encore  pour  tout  c«  qui  coacerne  1* exploration  des  ocians  et  1* exploitation 
de  leurs  inaenses  richesses  potentiellea ,  et  ausei  bien  entendu  pour  les  applications  militaires. 

De  tout  teaps  lee  militaire*  se  sont  intiressis  au  milieu  mar  in  0  ;1  est  i  peine  utile  de 
rappeler  i  cet  egard  la  part  preponderant e  prise  ar  les  officiers  et  let  ingfzieui**  des  Marines 
Rationales  des  different*  pays  dans  1* exploration  dea  profondeure.  Pour  a'en  tenir  aux  Pranjais  lea  plus 
connus  du  grand  public,  je  citerai  :  au  debut  du  siAele,  Gustave  ZSd£  et  Laubeuf,  at  aujourd'hui  Cousteau, 
Willm  et  Houot.  GrSce  A  toue  cea  pionniers,  oat  ete  mis  au  point  dea  materials  permettant  de  vivre,  de  ee 
deplacer  et  de  travailler  sous  l'eau,  aalgrS  le  froid,  le  manque  d'air  et  la  terrible  prersfon  des  pro- 
fendeurs.  Aujourd'hui,  l'apparition  das  forces  sous -marines  Is  dissuasion  augment e  encore,  et  dans  des 
proportions  considerables,  l'importance  militaire  du  milieu  narin.  £n  tant  qua  rapreaentant  d;i  Ministers 
d'Etat  charge  de  la  Defense  Rationale,  je  ne  puir.  done  qua  me  rejouir  de  voir  la  presents  reunion  consa- 
cr(e  k  l'etude  de  l'un  des  problSaes  les  plus  import  ants  concemant  ce  milieu  :  k  savoir  sot  comport  eaent 
vi*-A-vis  des  ondes  ilectrcmagnitique't , 

Les  expressions  "monde  du  alienee"  ou  "me ode  sans  soleil”,  utilisees  pour  popularise r  le  milieu 
oarin,  illuetrent  l'isolement  dane  leqaex  as  trouvent  plongSs  les  hosses  qui.  explorent  ce  milieu  pourtant 
si  proche  ;  et  l'on  ne  peut  s'erpicber  de  mesurer  le  contrasts  avec  la  situation  des  cosmonautes,  qui 
juaque  sur  la  lune,  restent  en  contact  etroit  avec  leurs  baits  at  dost  les  moindres  gestes  sont  suivis  a 
la  television.  Ep  fait,  les  ondas  elect romsgnetiquas  se  propagent  toutea  fort  mal  dans  la  mar,  ce  qui  #x- 
plique  que  les  applications,  bien  qn' iaportantes ,  en  soient  relativement  limitees  $  elles  font  appel  g£- 
nSrolement,  soit  aux  trA*  basses  frequences,  soit  aux  frequences  du  spectre  visible.  L'examen  du  program¬ 
me  de  la  pri*ente  reunion  montre  que  la  plupart  dea  eujete  qui  y  seront  trait£e  sc  rattachent  a  l'un  ou 
l'autre  de  cea  deux  grande  domainee. 

Lee  ondas  trAs  longues  ont  1  la  fois  la  prepri^te  de  se  propager  trAs  loin  -at  trie  rfguli  Are- 
ment  autour  de  la  terre  et  celle  de  pSnitrer  dans  la  mer.  Cette  double  propriStS  eat  ccnnue  depuis  long- 
temps  et  les  marines  militaire*  las  ont  largement  util;.s<e*  pour  transmettre  des  ordres  k  leurs  sous- 
marins  en  plongie.  Maie  dee  progrAs  irportants  ont  M  .rialisis  au  court  des  derniAre*  annSes  tant  sur  le 
plan  thSorique  notament  en  ce  qui  concarne  le  mfcanisme  de  la  propagation  et  le  rSle  de  la  couche  D  de 
1'ionosphAre,  que  sur  le  plan  pratique  notamment  en  ce  qui  concerns  la  technolog is  des  systAaes  d* Emission 
*t  de  reception.  La  profondeur  de  pin&tration  depend  de  different*  facteura,  notamment  de  la  salinitc  is 
l'eau  et  de  la  frequence  :  plus  cetts  derniAre  est  faible,  plus  la  pi nitration  sat  profond*.  Malheuraute- 
ment,  malgri  1'inginioaiti  des  technicians,  il  n'a  pas  iti  possible  A  ce  jour  de  produire  le  rayonnemeat 
sane  fair*  appel  A  dee  antennas  dont  lee  dimensions  dsrisnnent  vite  prohibitive*  loraque  la  frequence -<le- 
vient  trAs  basse  ;  ausei  la  profondeur  de  pioitretion  reste-t-elle  toujour*  faible, 

En  ce  qui  concerns  les  ondec  du  spectre  visible,  il  y  a  effectivement  propagation  dane  l’eau 
de  mer,  aais  celle-ci  est  contrariie  par  deux  phSnomAnes  distincts  ;  l'absorption  et  la  diffusion. 
L'absorption  dipend  des  proprietes  du  milieu  et  la  friquence  ;  tile  est  done  selective  ;  ce  sont  ;et  ov- 
des  comprises  entre  l.TOO  et  $.300  angst roeau  (bleu-vert)  qui  se  propagent  le  mieux.  La  diffusion  est  due 
A  la  riflexion  de  la  limiAre  sur  les  partisules  en  suspension  s  ell*  sst  I'snnsmi  principal  de  tous  les 
systAmes  de  vision  sour. -marine  a  Sclairement  constant.  Aujourd'hui,  lss  tschniques  laser'  apportent  dans 
ce  domains  des  perspectives  de  progrAs  cci*< durables  ;  grtce  A  la  possibiliti  d'obtenir  ;'ss  faisceaux 
coherent*  puissant*,  Stroits  et  modules  en  impulsion. 

Outre  cee  deux  brands  domains*,  dea  recherche*  sont  *n  court  dc.ts  different*  pays  sur  un  cer¬ 
tain  noobre  de  problAmea,  parmi  leequels  je  citerai  s 

-  L'etude  de*  asites  du*  A  la  reflexion  des  ondes  sur  la  aer. 

-  L’etude  des  liaisons  entre  points  eituis  au  voisinag*  d*  !*•  limits  de  • Spar at ion  de  la  mer  et 
d'un  autre  milieu,  c'*s''-A-dir*  prAs  de  la  surface  ou  prAs  dt  fond, 

-  L'Stude  de*  liaisons  si.tr'  point*  profondSment  imaergSs,  par  propagation  directs. 

L'importance  de  touts*  ces  Studes  me  conduit,  en  conclusion,  A  const ater  que  la  prSsente  reu¬ 
nion  arrive  au  moment  epportun,  A  celui  oA  se  manifests  de  faqon  particuliAreaent  p/eesante  le  besoin  de 
transmettre  le*  messages  et  la  limtiAre  sous  l'eau  et  oil  les  moysns  nfeessoire*  commencent  A  Itre  prlts. 

Je  suit  persuadf  ausei  que  les  nonbreux  organism**  qui  en  France  s'intSreeeent  A  1* Studs  du  milieu  marin 
ou  A  l’Stud*  des  ondes  Slectrom*a,iWiques  apprfeient  Is  cboix  qui  a  4tS  fait  de  Paris  pour  la  tenue  de 
cette  reunion.  Nul  doute  que  les  discissions  soient  asimSes  et  qu'elle*  priparent  le*  solutions  aux  pro- 
blAmes  qui  ae  prSsentent  et  ceci,  pour  le  plus  grand  intSrfrt  de  nos  pays.  C'est  en  aim*  teep*  an  convic¬ 
tion  et  le  voeu  que  je  foraule,  au  moment  oA  e'ouvr*  cette  reunion  sur  l'ilectromagnStisme  «.*  la  mer. 
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imikoduction 


La  reunion  non  clas(ifi£e  de  specialise*  *cientifiques  tur  l'"Eleci;rooagnetisne  de  la  Her"  eat 
une  suit*  an  symposium  AGARS  aur  lea  coco  unication*  en  desaous  de  la  surface  "Subsurface  Communications" 

(AGAHD  Conference  Proceedings  H°  20) ,  tenu  a  Paris  en  1966,  dont  le  sujet  tri*  vaste  donnait  au  sol  con¬ 
tinental  la  place  preponderant*.  11  a  paru  log i que  de  divelopper  1*  atao  sujet  en  le  particulurisant  a 
la  mer,  en  l'etendant  a  1* ensemble  du  spectre  et  plus  ienha  .tnent  a  1 ;  etude  de  tout  phenonJr.e  electro- 
oagn^tique  interessant  le  milieu  mar  in.  Partout  se  mar.  i  fust  e  un  interJt  croissant  pour  la  mer,  dont  on 
pent  dir  -  qu'elle  est  rn  bien  essentiel  qui  participe  a  l'entretien  du  aouvement  et  de  la  vie.  l)r.  bisn 
jus  que  la  presque  ignorl,  dont  l'usage  uu  1' exploitation  pose  de  ncmbreux  pro bl ernes  qui  restent,  pvur 
le  moment,  sans  solution. 

Sur  le  plan  militeire.  Monsieur  le  Vice-aairal  O'Grady  a  touligne  dans  son  allocution  d'ouverture, 
l'importance  de  la  detection,  de  1' identification  et  de  la  localisation  des  eous-marins  au-dela  des 
possibility?  acoustiques. 

La  reunion  de  specialistes  de  I'electromagnctisae  de  la  mer  avait  pour  but  de  revoir  lee  resultats 
acquis,  de  conitnter  1* existence  de  theories  gene r element  ou  partielleoent  applicable* ,  de  degager  le* 
tout  derniers  progr^*  et  de  discuter  le*  possibility?  d' etudes  futures. 

Lc  programme  des  reunions  a  distingue  le  domain*  radiMtlectrique  et  notamment  les  bandes  DBF  et  TBP, 
qui  permettent  les  communications  a  faible  taux  d' information  nais  a  grande  portae  r.vec  une  penetration 
sous -mar. -e,  du  domaine  optique  infra-rouge  et  visible,  qui  permit  d  courte  distance  de  hautes  resolu¬ 
tions  et  dans  lequel  l'emploi  du  laser  offre  de  nouvellts  perspectives. 

II  est  clair  que  la  surface  de  la  mer  ou  1' interface  Air /Mar  est  vn  sujet  d' etudes  important  dans 
l'ltendue  du  spectre.  En  radio,  le  rayonnement ,  la  propagation  d  la  surface  et  le  franchissement  de  la 
surface  conditionnent  lea  communications  d  distance.  En  opt  que,  le  franchissement  de  la  surface  conai- 
tionne  I'observation  suus>«iarine  et  la  photographie  aerienne  du  f'-nd. 

II  aurait  ete  possible  de  grouper  les  communications  en  cun.iquenee.  J'ai  estime  preferable  de  '-on- 
siderer  le  milieu  marin  dans  son  ensemble,  sans  orienter  particuj.iertment  les  exposes  et  les  discussions 
sur  une  limite,  mtee  si  pratiquement  cc  sont  les  problemes  relatxfs  cstte  limite  que  l'on  connait  '.e 
mieux. 

D'une  manidre  gene rale,  les  communicati  su*  qui  out  et6  presentees,  sont  pour  la  plupart  des  etudes 
orientees  vers  l'aapect  analytique  et  physique  dee  questions  traitees  plus  que  vers  I'aspect  technolo- 
gique  des  syst ernes  et  clef,  appareilo. 

Deux  tables  rondes  ont  it  6  constitutes,  dont  le  lecteur  trouvera  les  comptes-rendus  au  papier  26 
pour  le  domaine  radio  et  au  papier  1»7  pour  le  domaine  optique. 

II  est  certain  que  ces  comptes-rendus  ecrits  ne  peuvent  donner  qu'une  idee  tres  mediocre  d'une  ac¬ 
tivity  essentiellement  orale  ou  la  spontaneity  et  la  liberty  d'expression  sont  neccssaires.  Si  les  par¬ 
ticipants  aux  tables  rondes,  dont  beaucoup  peuvent.  etre  des  observateurs,  ont  pu  librement  exposer  l'ob- 
jet  de  leurs  preoccupation*  qui  I'ont  pas  necessairement  rapport  a  une  communication  d'auteur  et,  si 
les  auteurs  ont  pu  librement  discuter  sur  les  points  dclicats  des  affaires  qui  les  occupent,  les  tables 
rondes  ont  etc  utiles,  Ainsi,  sur  le  sujet  de  1' electron agnetisme  de  la  mer,  des  opticiens  ont  pu  dis¬ 
cuter  avec  des  radic^lectriciens.. 

Au  cours  de  la  table,  rondo  du  domaine  radioelectrique,  a  laquelle  molheureusemeut  n’asciotait  aucun 
oceanographe,  on  a  discutS  &  pr<  roc  de  presque  toutes  les  communications.  ; 

II  est  tree  regrettable  que  Mor.-v ear  lo  professcu1  COill,  empCche,  n'ait  pu  presenter  en  seance  sa 
»  communication  sur  "ttognetohydroo/namic  wave  phenomena  in  sea  vater"  (paper  25),  qui  aurait  sans  doute 

fait  l'objet  de  discussions  interesountes , 

La  table  ror.de  d'optique  oceanegraphique  fut  tres  animee,  Au  cours  des  discussions,  on  s'est  efforce 
de  a "gager  des  ideas  fondaaentales  concernant  cette  discipline  rycente  .  J'en  ai  garde  1* impression  qu'il 
y  a  encore  beaucoup  d  fair*.  J'l  tsenblc  qt'il  y  ait  un  probleme  &' instrumentation.  (Quel  apporeiLiago  et 
quelle  technique  faut-il  defir;r  pour  rendre  le*  oesure*  significative*  en  vue  d'une  application  deter- 
-linee  2),  Les  specialistes  ue  'optique  dans  It1  milieux  turbides  et  absorbents  comme  l'eau  de  mer,  avec 
ou  sans  franchissement  d'une  .  '.-face,  sont  pou  r  xabreux-, 

Cependant,  l'6clairement  >v  la  visibility  dans  l'eau,  la  photographie  sous-aorine  constituent  des 
doeaines  d'etudes  dont  l'importance  est  evident*. 

II  est  souhaitable  que  les  recherchea  dans  ces  domains s  soient  encouragees  et  que,  dans  les  prochai- 
nes  annees,  on  organise  sur  ce  sujet  une  "Lecture  3erie"  ae  1'AG/BD,  avec  1'approbation  du  Comite  de 
Propagation  des  Ondes  Electromagnet iques, 

Pierre  HALLE! 
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InTP.CDuCTION 


The  Scientific  Specialists*  meeting  on  "Electromagnetics  of  the  Sea",  «vich  was  unclassified, 
is  a  follow-up  of  the  AGARD  Symposium  on  "SuD-Suiface  Conriunicahions"  (AGAr.u  Conference  Proceedings 
N°.  20),  herd  in  Paris  in  1966,  s.-.d  of  the  great  interest  shown  in  this  subject  by  the  European 
Continent,  It  seemed  logical,  Therefore,  to  develop  the  same  subject,  giving  particular  attention 
t'  the  sea  and  extending  it  to  the  whole  spectrum,  particularly  to  the  study  of  electromagnetic 
phenomera  in  the  sea  atmosphere.  Interest  in  the  sea  is  increasing  everywhere,  particularly  with 
regard  o  the  binefits  provided  by  the  sea  in  sustaining  life — a  benefit  which,  until  now,  has  been 
almost  ignored.  The  use  or  exploitation  of  the  sea,  however,  has  presented  many  problems  which, 
for  the  time  being,  remain  unsolved. 

Vice-Admiral  O'Grady,  in  his  opening  remarks  concerning  the  military  viewpoint,  pointed  out  the 
iiroortsnce  of  detection,  identification,  and  localization  of  undersea  craft  beyond  present  acoustical 
capabilities. 

The  primary  purpose  of  the  Electronics  of  the  Sea  meeting  was  to  review  results  already  obtained, 
to  see  the  existence  of  the  generally  or  partially  applicable  theories,  to  sort  out  the  latest  progress, 
and  to  discuss  the  possibilities  of  future  studies.  The  program  illustrated  the  possibilities  of 
radioelectric  field,  particularly  for  the  EBF  and  TBF  bands,  which  allow  feeble  information  rate 
communications  but  which  have  long-distance,  undersea  penetration)  and  of  the  infra-red  and  visible 
optic  field,  which  permits  short-distance  high  resolutions  and  in  which  the  laser  offers  new  uses 
and  prospectives. 

It  was  made  clear  that  the  surface  of  the  sea  or  the  interface  of  Air/Sea  is  an  important 
subject  in  the  studies  of  the  spectrum.  In  radio,  the  radiation  and  propagation  to  the  surface 
and  the  penetration  through  the  surface  are  determining  communications  distances.  In  optics,  this 
penetration  through  the  surface  is  limiting  under-sea  observation  and  aerial  photography  of  the  sea 
bottom-  It  may  hava  been  possible  to  group  the  communications  but  it  was  thought  preferable 
to  consider  the  sea  environment  as  a  whde  without  orienting  the  presentations  and  discussions. 

This  was  done  even  though  practical  problems  exist  and  limits  are  known.  Generally,  the  presentations 
are  oriented  to  tlw  analytic  and  physic  aspects  of  the  questions  treated  rather  than  to  the 
technological  asDect  of  the  systems  or  apparatus. 

Two  round-tables  uere  arranged  for  the  Radio  field  (see  papar  26)  and  the  Optic  field 
(see  paper  <7).  These  papers  illustrate  only  briefly  the  activity  in  these  areas.  Although  responses 
were  essentially  oral,  this  spontaneous  and  free  expression  is  necessary.  Most  of  the  participants 
at  the  round-table  discussions  were  observers  and  they  showed  preoccupations  which  were  not 
necessarily  relative  to  the  authors*  presentations.  The  authors  could  also  discuss  freely  the  delicate 
points  and  matters  of  great  concern  to  themselves)  the  Opticians  could  discuss  "Electromagnetics 
of  the  Sea"  with  the  Radic-electricians,  Thus  the  round-tables  proved  to  be  very  useful. 

During  the  round-table  on  "Radio-electricalfields",  to  which  unfortunately  no  oceanographer 
attended,  iha  discussions  followed  the  paper  presentations.  It  was  regretted  that  Prof,  Cohn  could 
not  attend  this  round-table  as  his  paper  (N®.  25,  "Magnetohydrodynamic  Wave  Phenomena  in  Sea  Water") 
cheated  considerable  interest  and  much  discussion  would  have  resulted. 

The  "Oceanographic-Optical"  round-table  was  very  lively  with  the  sorting  out  of  fundamental 
ideas  in  this  very  new  discipline.  The  impression  was  gained  that  there  is  much  to  be  accomplished 
in  this  area.  It  appears  the  problem  is  instrumentation  ■—  which  apparatus  and  which  technique 
might  be  selected  —  to  give  significant  values  to  a  determined  application.  The  specialists  of 
optics  in  the  "turbide  and  absorbant"  fields  such  as  sea  water,  either  or  through  the  surface, 
appear  to  be  very  few.  Nevertheless,  the  lighting  and  visibility  in  water  and  the  under-sea 
photography  —  both  constitute  fields  of  studies  where  the  importance  was  very  evident. 

It  is  desirable  that  the  research  in  these  fields  be  further  encouraged  and  that  quite  possibly 
an  AGARD  Lecture  Series  could  be  organized  on  this  subject  upon  the  recommendations  of  the 
"Electromagnetic  Wave  Propagation"  Panel  of  AGARD. 


Pierre  HALLEY 
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BUT 

IiE  CENTRE  D' ETUDES  THEORIQUES  DE  LA  DETECTION  BT  DBS  COM1UNICATIONS 


Le  CETH3DBC  (sigle  ddsignant  le  Centre  d* Etudes  Thdoriqueo  de  la  Detection  et  des  Conattu- 
nioations)  est  un  Centre  de  Recherches  dependant  du  Ministkre  d'Etat  chargd  de  la  Defen¬ 
se  Nationals  en  France  .Ha  participd  activenent  au  symposium  AGARD  "Subsurface  commu¬ 
nications"  (Paris  1966)  et  k  la  reunion  de  spdcialistes  scientifiques  "Electromagnetics 
of  the  sea"  .  Aussi  pensons  nous  que  le  lecteur  sera  intdressd  par  quelques  informations 
sur  ce  centre  . 

Le  CETHEDEC,  dirigd  par  le  professeur  Maurice  Bouix,  travaille  en  liaison  trfes  dtroite 
avec  dcs  professeurs  et  chercheurs  de  l'Universitd,  ce  qui  ltd.  permet  d’aborder  au  ni¬ 
veau  scientifique  le.plus  dlevd  les  problkmes  theoriques  de  son  programme  .  11  a  un  tri¬ 
ple  rdle  : 

-a)  assurer  une  formation  scientifique  de  niveau  elevd  k  des  chercheurs  qui  se  destinent 
k  l'-dtude  de  problkmes  lids  a  la  detection  et  aux  communications  • 

-b)  effectuer  des  travaux  de  recherche  fond ament ale  orient de  vers  la  ddtection  et  les 
communications  . 

-c)  assurer  une  liaison  avec  des  sdminaires,  des  confdrences  et  des  publications  d’uae 
part  entre  tous  les  chercheurs  de  sa  spdcialitd,  d* autre  part  entre  ces  chercheurs  et  les 
ingdnieurs  utilisateurs  • 

Dans  ce  but,  le  CETHEDEC  rdunit  sous  une  m£me  direction  des  dlkves,  des  chercheurs  et  un 
service  de  documentation  et  de  publications  . 

La  formation  scientifique  est  assurde  t 

d'unc  part  par  l’enseignemont  du  Troisikme  cycle  de  la  Pacultd  des  Sciences  de  Paris  don- 
nd  par  le  Laboratoire  de  Recherches  de  Mathdmatiques  Statistiques  du  professeur  FQRTBT, 
et  une  option  particulikre  intitulde  Thdorle  Probabiliste  des  Signaux  de  1* Information  et 
de  la  Rdgulatlon,  qui  comporte  en  plus  des  coura  spdciaux  sur  la  Thdoxie  de  la  .Propaga¬ 
tion  t  cet  enselgnenent  est  donnd  k  des  dtudiants  en  fin  d'dtudee  supdrieures  ; 
d’ autre  part  par  des  joumdea  ou  des  semaines  d'dtudes  soit  de  syntheee,  s<?it  d'exposds 
de  rdsultata  qui  s'adressent  k  des  ingdnicurs  ou  chercheurs  professionhele  • 

Les  travaux  de  recherche  proprenent  dits  du  CETHEDEC  s'effectuent  dans  le  cadre  de  grou- 
pes  d’dtudes,  actuellement  au  nombre  de  cinq  : 

-  1)  Groupe  Support  Physique  du  Signal  (Propagation) 

-2)  Groupe  Thdorie  du  31gnal 

-  3)  Groupe  Codes  Correctoura  d’Erreurs 

-  4)  Groupe  Tests  non-Paramdtriques 

*  5}  Groupe  des  Mdthodes  de  Calcul  (Analyse  et  Mdthodes  Numdriques) 

Csrtaines  recherches  sont  mendes  en  liaison  avec  le  Ddpartement  Mathdmatique  de  la  Facul¬ 
ty  des  Sciences  de  Rouen,  Le  Laboratoire  d  *  Astrophysiqu*  de  la  Pacultd  des  Sciences  de 
Paris,  la  Pacultd  des  Sciences  de  Nice  . 

Quelques  liaisons  avec  des  chercheurs  europdens  (allemands,  italiens,  hollandaia)  et  amd- 
ricains  vont  8tre  ddveloppees  et  renforedea  dans  un  avenir  immddiat  afin  d’dviter  la  dis¬ 
persion  des  efforts  . 

Le  CETHEDEC  s'efforce  de  ddvelopper  les  liaisons  avec  tous  les  chercheurs  qui  s’intdree- 
sent  k  la  recherche  thdorique  relative  aux  sciences  de  la  ddtection  et  des  coseranications, 
soit  pare*  qu'ils  effectuent  des  recherches  dans  ces  branches,  soit  parce  qu'ile  ddsirent 
en  utiliser  les  resultats  .  C'est  dans  ce  but  qu'il  publle  depuis  1964  la  Revue  du  C2TRS- 
DEC  ok  l'on  peut  trouver  aussi  blen  les  travaux  des  ohercbours  du  Centre  que  des  articles 
d’autres  auteurs  . 

Le  CETHEDEC  a  particind  k  la  rdunion  "Electromagnetics  of  the  sea”  en  la  personne  du 
Prof.  ii.  BOUIX  et  de  HH.  BACH  et  POIREE  .  Le  Dr.  P.  WIRGIH  de  1’institut  d'optique  leur 
a  apportd  une  participation  active  . 
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SOMAIRE 


Les  dSchsirge.'.  produltes  par  lea  Eclairs  semblenb  constituer  la  principale  source  de  radiations 
dans  le  dor.aine  des  frequences  extrfocaerrt  basces  j  les  variations  temporelles  des  courants  typiques 
permettent  de  determiner  le  moment  dipolaire  effectif  des  sources  et  la  forme  des  ondes  emises,  On 
rattache  les  statistiques  portent  cur  I'eaplitude  d'une  source  a  celles  portent  sur  le  bruit  atmosphe- 
rique. 

Apres  avoir  Etudie  les  representatives  fondamentales  des  champs,  on  calcule  les  caracteristiques 
de  propagation  pour  un  certain  nombre  de  c-;deles  d' ionosphere  stratifies  et  anisetropes.  Les  modeles 
coniques  de  la  basse  ionosphSre  doivent  egalenent  ccoporter  des  ions  aux  altitudes  inferieures  d  la 
couchc  D.  Pendant  la  nuit,  les  ondes  pend, rent  au-dcssus  de  la  couche  D,  et  Jes  paranetres  de  propa¬ 
gation  du  conducteur  d' or.de J  terre-ionosphore  dependent  de  la  structure  detaiJlee  da  1'  ionosphere 
en-decsous  do  la  couche  F.  Les  modeles  individuels,  de  conception  avancee  pour  l'ionosphere,  ne  sont 
pas  reprEsentatifs  d’une  propagation  des  opdes  globales  ou  sur  une  longue  distance,  mais  la  Doyenne 
des  parometres  de  propagation  etablis  pour  un  certain  nombre  de  geometries  de  propagation  est  com¬ 
parable  aux  parametres  obtenus  a  partir  d'ur.  noddle  ionospherique  isotrope  correspondent  aux  neures 
de  la  nuit, 

Les  rEsonances  se  produisant  dans  le  sens  terre-ionosphere  psuvent  etre  analysees  en  une  geo¬ 
metric  symetrique  qui  convient  pour  expliquer  les  frEquences  de  resonance,  les  facteurs  ft,  les 
spectres  de  puissance,  les  variations  diurnes  de  puissance,  et  les  chuigements  de  frequences  de  re¬ 
sonance  observes, 

Les  modes  divises  resultant  des  differences  entre  hemisphere  normaux  de  jour  et  de  nuit  sont 
d'une  amplitude  neglige able, 

Au  large,  les  champs  revclent  un  affaiblissenent  exponentiel  au  fur  et  a  mesure  que  la  profon- 
deur  s'accrott,  mais  au  voisinage  du  littoral,  ils  tendent  a.  nouveau  a  augmenter  A  proximite  de  la 
surface  sous-marine, 

Les  vugues  provoquent  des  fluctuations  de  signaux  pour  une  station  receptrice  iamergee.  Lorsque 
les  vagues  sont  importantes  et  les  frequences  elevdes,  les  fluctuations  de  signaux  correspondent  aux 
changement  de  profondcur  immediateaent  au-dessus  de  I'antenne  receptrice, 

Dans  le  cas  de  pe;ites  vagues  et  de  frequences  plus  faibles,  ce  sont  les  caracteristiques  de 
surface  d'une  zone  definic  situee  au-dessus  de  la  station  receptrice  qui  determinent  les  fluctuations 
de  signaux. 
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SitMMARY 

Lightning  discharges  appear  as  principal  sources  of  radiation  in  the  ELF  range;  time  variation*  of 
typical  currents  determine  the  effective  dipole  moment  of  sources  and  the  shape  of  the  radiated  waveforms. 
Amplitude  statistics  of  a  source  are  related  to  the  statistics  of  atmosoherlc  noise. 

After  reviewing  the  fundamental  field  representations  propagation  characteristics  are  calculated 
for  a  number  of  stratified  and  anisotropic  model  ionospheres.  Tapered  models  of  the  lower  Ionosphere 
should  Include  also  Ions  at  altitudes  below  the  D-layer.  During  nighttime  waves  penetrate  above  the 
D-layer,  and  propagation  parameters  of  the  earch-to-lonosphere  wave  guide  3re  dependent  on  the  detailed 
ionospheric  structure  below  the  F-layer.  The  Individual  models  advanced  for  the  Ionosphere  are  not 
representative  of  long  distance  or  global  wave  propagation;  but  the  average  of  the  propagation  parameters 
derived  for  a  number  of  propagation  geometries  Is  comparable  to  the  parameters  deduced  from  an  isotropic 
nighttime  Ionosphere  model. 

The  resonances  of  the  earth  to  Ionosphere  can  be  analyzed  in  a  symmetrical  geometry,  which  la 
adequate  for  explaining  observed  resonance  frequencies,  Q-factors,  power  spectra,  diurnal  variations  of 
power,  and  changes  of  resonance  frequencies.  The  split  modes  that  result  from  differences  between  normal 
day  and  night  hemispheres  are  of  negligible  amplitudes. 

In  an  open  ocean  fields  exhibit  an  exponential  decay  with  increasing  depth,  but  in  the  vicinity  of 
the  shore  line  the  fields  tend  again  to  increase  in  the  vicinity  of  the  bottom  surface.  Waves  cause 
signal  fluctuations  In  a  submerged  reception.  For  large  waves  and  the  higher  frequencies  the  signal 
fluctuates  corresponding  to  the  changes  of  the  instantaneous  depth  above  the  receiving  antenna.  For  small 
waves  and  lower  frequencies  the  signal  fluctuations  ere  determined  by  surface  characteristics  in  a  finite 
area  above  t'>e  receiver. 

1 .  INTRODUCTION 

12  3 

ELF  propagation  has  been  the  subject  for  surveys  by  Galejs  ,  Gendrln  ,  and  Fellmar.  ,  which  provide 
also  a  detailed  historical  account  of  the  various  developments. 

This  paper  will  attempt  to  illustrate  the  different  problem  areas  and  will  mention  only  several 
of  the  many  relevant  investigations.  Emphasis  will  be  on  results  of  theoretical  studies;  experimental 
data  will  be  quoted  to  support  the  various  theoretical  findings.  After  reviewing  the  sources  of  ELF 
radiation  and  the  fundamentals  of  field  representations  in  the  spherical  shell  between  the  earth  and  the 
ionosphere,  some  discussion  will  be  devoted  to  long  range  propagation  and  to  Schumann  resonances.  The 
air-to-sea  Interface  and  signal  fluctuations  below  a  wavy  sea  will  be  also  treated. 

2 .  SOURCES 

Lightning  discharges  appear  as  effective  sources  of  radiation  in  the  VLF  and  ELF  ranges  of  frequency. 
In  the  lower  ELF  range,  the  Schumann  resonances  of  the  earth-to- Ionosphere  cavity  are  excited  almost 
exclusively  by  lightning  discharges.  In  the  ELF  and  VLF  range,  atmospherics  associated  with  individual 
lightning  discharges  are  found  to  propagate  to  large  distances,  and  they  provide  convenient  means  for 
estimating  the  effective  parameters  of  wave  propagation.  In  communication  systems,  the  radio  signal  must 
exceed  the  background  noise  provided  by  atmospherics;  the  noise  statistics  are  also  significant  for 
determining  the  error  rates  of  various  coittnunlcatlon  channels. 

Thg  detailed  structure  of  individual  lightning  discharges  has  been  described  in  survey  papers  by 
Schonland  ,  HornerS,  Jones®,  and  electric  near  field  measurements  of  Klttagawa  and  Brook7  Illustrate 
various  processes  of  a  typical  lightning  discharge. 

Based  on  a  number  of  measurements,  probabilities  of  stroke  current  distributions  have  been  estimated 
by  McCann®,  Malan5,  Wagner*®,  and  Muller-Hlllebrand**.  The  median  current  of  the  first  return  stroke  is 
shown  to  be  In  the  range  of  15  to  25  kA  with  no  measurement  data  available  for  currents  exceeding  200  kA. 

The  time  variations  of  typical  current  waveforms  investigated  by  Brucc-Colde*7 ,  llepbum*3,  Williams*®, 
Berger*®  are  illustrated  in  Figure  1.  The  return  stroke  model  of  Bruce  and  Goldc*S  which  provides 
significant  radiation  only  for  frequencies  In  the  VLF  range,  can  be  supplemented  by  a  ^odel  for  corona 
currents  between  the  leader  sheath  and  the  return  channel  In  the  first  stroke**.  Additional  radiation  Is 
observed  from  so-called  K-ehanges  that  are  caused  by  the  inhomogeneous  charge  distribution  In  the  clouds. 
They  are  observed  as  small  rapid  field  fluctuations,  and  the  model  of  K-changos  by  Arnold  and  Plercel7  arc 
shown  also  In  Figure  1. 

Together  with  estimated  velocity  variations  of  the  current  waveforms,  the  data  of  Figure  1  are 
ujed  for  calculating  the  effective  dipole  moments  of  lightning  discharges  in  Figure  2.  The  combination 
of  the  return  stroke  by  Bruce  and  Colde*2  and  of  the  corona  current  motels  of  Rao*®  gives  dipole  moments 
comparable  to  those  of  iiepbum*3  over  tnc  frequencies  of  the  ELF  and  VLf  range.  However,  ttu.se  estimates 
of  ELF  radiation  are  lower  than  In  the  work  of  Pierce*®  tliat  are  based  on  estimated  gross  tims  variations 
of  the  moments  in  a  lightning  discharge.  Pierce*^  suggests  a  modification  of  the  K-pulsc  wavt form  by 
additional  more  gradually  decaying  terms.  The  total  charge  of  the  modified  K-pulsc  is  increased  4  times 
and  che  spectra!  dipole  moment  would  be  increased  sixfold  for  ELF  in  Figure  2. 
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Using  standard  propagation  formulas  It  Is  possible  to  compute  the  atmospherics  spectra  and  also 
waveforms  at  various  distances  from  the  source.  The  waveforms  of  Figure  3  have  been  computed  by  Jones20 
for  a  distance  of  4000  ton  using  the  dipole  moment  of  Williams^  shown  In  Figure  2  or  by  assuming  an  impulse 
type  source  which  exhibits  a  constant  spectral  dipole  moment.  The  bandwidth  of  the  waveform  is  limited 
by  a  30  c/s  or  3  c/s  low  pass  filter.  Such  waveforms  have  been  observed  by  Hepburn^  or  Hughcs^l.  Walt^ 
shows  chat  a  gaussian  pulse  propagated  through  the  antipode  undergoes  a  change  in  its  shape;  the  latter 
pulse  is  proportional  to  the  time  derivative  of  the  original  waveform.  Less  drastic  are  the  changes  noted 
by  Jones^“,  but  there  appear  to  be  no  experimental  observations  of  individual  pulses  propagated  through 
the  antipode. 

S 

A  superposition  of  Individual  atmospherics  of  various  amplitudes  received  from  different  distances 
gives  rise  to  the  atmospheric  noise.  The  noise  spectra  measured  by  Maxwell^  and  Mikhaylova24  are 
indicated  in  Figure  4  following  Ishida25,  The  spectral  measurements  of  Maxwell^  can  be  explained  using 
theoretical  propagation  models*. 

The  amplitude  statistics  of  the  received  noise  can  be  related  to  the  amplitude  statistics  of 
lightning  discharge«26,27 t  por  a  received  noise  that  is  caused  by  the  activity  of  a  single  thunderstorm 
center  the  probability  distribution  ia  calculated  in  Figure  5  by  assuming  that  n  atmospherics  overlap 
during  the  integration  time  of  the  receiver,  where  the  scale  factor  0i  is  proportional  to  this  integration 
time  and  inversely  proportional  to  the  median  field  strength  of  the  received  signal.  In  the  log  log 
versus  log  scale  used  for  graphing  the  results,  the  exponential  distribution  of  n  »  1  has  a  slope  of  (-1) 
for  r  small,  the  Rayleigh  distribution  of  n  large  and  r  small  has  a  slope  of  (-2).  The  decay  of  the 
curves  becomes  more  gradual  for  r  large.  Although  curves  similar  to  the  one  Indicated  by  dashed  lines 
have  been  reported  in  some  ELF  measurements^  most  measurements  show  AD,  which  arc  inversely  proportional 
to  the  squared  amplitudes  for  larger  signals2»,30,  The  dynamic  range  of  the  calculated  noise  can  be 
increased  by  considering  Che  contributions  by  sources  at  several  distances.  Figure  6  shows  the  effects 
of  adding  more  frequent  waveforms  received  from  nearby  sources.  The  calculated  curves  of  Figure  6  :ompare 
with  the  measured  probability  distributions  of  Watt  and  Maxwell^.  Alternately,  one  may  also  consider 
lower  amplitude  radiation  processes  of  the  lightning  discharge  of  a  single  thunderstorm  ~enter27. 

The  atmospheric  noise  may  be  also  characterized  by  the  distribution  of  intervals  between  noise 
bursts.  Such  measurements  have  been  reported  by  Wstt  and  Maxwell29  and  Farstadt^S t 

Manmade  sources  are  relatively  ineffective  radiators  in  the  ELF  range.  The  characteristics  of 
transmissions  reported  by  Dunn  et  al32,  Gutton^^  and  Gage  et  al34  are  summarized  in  Table  1.  Horizontal 
wire  antennas  appear  to  be  favored,  but  the  transmission  range  is  very  limited  for  the  lowest  frequencies. 

3.  FIELD  REPRESENTATIONS 

ELF  fields  in  a  spherical  shell  can  be  discussed  by  idealizing  ground  surface  and  also  the 
ionospheric  boundary  of  the  wave  guide  as  homogeneous  isotropic  conductors.  In  the  ELF  range,  TE  modes 
do  not  propagate  and  the  propagating  TK  n  »  0  (or  T£M)  mode  contains  only  Er,  Eq,  and  ti4  field  components 
for  azimuthally  symmetric  (vertical  electric  dipole)  excitation  in  an  isotropic  environment. 

The  ELF  fields  can  be  represented  by  a  series  of  zonal  harmonics.  After  expressing  the  radial 
functions  in  a  Taylor  series  and  neglecting  the  height  variations  of  the  fields,  the  radial  electric 
fields  Er  excited  by  a  vertical  electric  dipole  of  moment  Ids  are  expressed  as 


where 


(1) 


(2) 


and  A  =  Z  /r,  Is  the  normalized  surface  impedance  of  the  ionosphere  for  TM  field  components,  a  is  the 
radluS  of  the  earth  and  h  is  the  height  of  the  ionospheric  boundary.  The  Impedance  of  the  ground 
surface  A  is  much  smaller  than  A  ,  and  the  ground  can  be  approximated  by  a  perfect  conductor  for  purposes 
of  calculating  the  propagation  parameter  v.  The  approximation  (1)  is  valid  only  for  nh  <  a,  and  it  will 
become  inaccurate  for  large  values  of  n.  The  exponential  approximation  of  the  radial  functions^  shows 
that  the  terms  of  the  sum  should  become  proportional  to  n2pn  (cos  0)  for  n  >  k  a,  and  further  manipula¬ 
tions  of  the  simulation  are  necessary  to  increase  its  race  of  convergence.  0 

More  convenient  for  numerical  work  Is  the  residue  scries  representation  of  the  fields  which 
contains  only  one  propagating  terms  for  frequencies  in  the  ELF  range.  It  can  bo  shown  chat 


4<je  ha 
o 


v  ( v  ±  D 
sin  vt. 


P  (-COS  O)  si 
v 


(IS)1,5  exp  (Ik  SaO) 
o 


where  the  last  approximation  is  obtained  by  substituting  the  assymptoilc  expansion  for  Legendre  function 
P^  (-cos  6).  The  parameter  v  is  obtained  from  (2)  as 


v  «  -0.5  + 


/0.25  +  (kQaS)  =  kQaS  -  0.5 


The  latter  approximation  Introduces  an  approximately  10  percent  error  in  v  for  frequencies  neer  the 
fundamental  Schumann  resonance;  however,  Che  error  becomes  small  at  higher  frequencies.  The  Legendre 


1-3 


function  of  (3)  can  bo  also  expressed 


os  a  summation  of  Legendre  polynomials,  which  gives 


ilds  v(v  4-  1) 

4roie  ha^ 
o 


..  n  t  2n  +  1 

Z  P  (cos  - - — TT - ; - ; — — 

n=0  n  n(n  +  .)  -  v(v  +  1) 


(5) 


For  frequencies  where  Re  v  approaches  an  integer  value  n,  the  resonant  terms  of  aquation  (5)  are  approxi¬ 
mately  the  same  as  in  (1).  However,  the  total  field  that  is  represented  by  (1)  will  generally  differ 
from  (5),  where  all  the  terms  of  the  sunmatlon  represent  only  one  propagating  wave-guide  mode. 


The  horizontal  magnetic  field  component  ilA  can  be  obtained  from  the  approximate  form  of  (3)  as 


H*  “  '  Er/(1S) 


(6) 


Using  Legendre  polynomials  H„  is  expressed  as 
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Ids _ 2n  +  1 _ 

4sah  n  n(n  +  1)  -  i-(v  +  1) 


cos  0) 


(7) 


There  is  only  one  rapidly  convergent  H  representation  (7)  which  corresponds  to  two  different  E 
expressions  (1)  and  (5).  r 

In  the  actual  earth-to-ionosphere  waveguide  the  surface  properties  will  vary  along  the  direction 
of  wave  propagation  and  the  guide  boundaries  will  be  stratified  and  anisotropic.  The  simple  field 
expressions  derived  for  homogeneous  boundaries  may  still  be  used  provided  that  the  surface  impedance  of 
the  ionospheric  boundary  accounts  for  the  stratification  and  the  possible  existence  of  TE  ileld  components , 
which  arise  in  the  guide  from  ionospheric  anisotropy.  However,  the  gradual  variations  of  boundary 
characteristics  are  ignored  in  this  approach. 

More  complete  field  expressions  containing  also  the  various  height-gain  functions  are  listed  by 
Galejs35,36  for  sources  of  horizontal  and  vertical  electric  dipoles. 

4.  PROPAGATION  MODELS 

The  wave  propagation  in  the  spherical  shell  is  characterized  by  the  phase  velocity  v  .  and  the 
attenuation  rate  a,  which  are  related  to  the  propagation  parameters  S  of  (2)  by  pl 


v^  =  c/Re  S  (8) 

a  «•  0.02895  t  In  S 


where  c  is  the  free  space  velocity  of  electromagnetic  waves  and  or  is  defined  in  decibels  per  1000  km.  The 
propagation  parameters  are  illustrated  for  a  number  of  ionosphere  models. 

The  calculations  for  a  sharply  bounded  homogeneous  and  isotropic  ionosphere  model  do  not  account 
properly  for  phase  velocity  and  attenuation  rate  variations  over  the  EIF  range.  The  stratifications  of 
the  lower  ionosphere  may  be  represented  most  simply  by  an  exponentially  varying  conductivity.  This 
idealization  approximates  the  observed  daytime  characteristics.  The  nighttime  attenuation  rate  is  lower, 
and  it  appears  as  too  low  for  frequencies  in  the  Schumann  resonance  range*. 

The  observed  differences  between  the  general  East-to-West  (EW)  and  West-to-East  (WE)  directions  of 
propagation  can  be  modeled  most  simply  with  a  purely  horizontal  static  magnetic  field37,  but  these 
directional  effects  can  be  accounted  more  accurately  by  allowing  for  the  finite  dip  angle  of  the  geomagnetic 
field.  Significant  differences  between  EW  and  WE  directions  of  propagation  are  noted  when  the  geomagnetic 
field  la  within  30°  from  the  horizontal  direction,  but  those  differences  ore  not  necessarily  the  largest 
for  a  purely  horizontal  magnetic  fleld^S,  The  radial  geomagnetic  field  component  facilitates  wave 
penetration  In  the  nighttime  ionosphere;  and  the  nighttime  attenuation  rates  are  higher  for  frequencies 
in  the  Schumann  resonance  range,  even  when  ignoring  the  presence  of  ions  below  the  D-region. 

Inclusion  of  ions  increases  the  attenuation  rates  for  the  lower  frequencies  in  Figure  7,  and  the 
static  magnetic  field  affects  the  daytime  data  to  a  lesser  degree  than  the  nighttime  data  when  t  ie 
attenuation  rates  of  the  isotropic  model  (B0  ■  0)  are  significantly  lower.  The  isotropic  nighttime 
ionosphere  model  yields  propagation  parameters  in  Figure  7  that  are  comparable  to  the  average  of  Taylor's 
measurement  data39  that  were  obtained  by  observing  atmospheric  waveforms  in  a  transpacific  geometry. 

The  experimental  Re  S  and  cr  figures  are  lower  than  in  calculations,  except  for  frequencies  less  than  40  c/s, 
where  Taylor  expects  his  data  to  become  less  accurate.  The  attenuation  rotes  of  400  c/s  measurement  made 
by  Dunn  et  al32  over  a  3000  km  propagation  path  between  California  and  New  York  are  also  Indicated  in 
Figure  7.  The  daytime  attenuation  rate  Is  approximated  by  the  calculations  for  the  anisotropic  model, 
but  Che  nighttime  attenuation  rate  is  represented  more  closeiy  by  the  isotropic  model.  ,;.e  inclusion 
of  a  static  magnetic  field  should  provide  more  realistic  propacatior.  parameters,  but  it  increases  the 
difference  between  calculations  and  nighttime  measurements.  The  magnetic  field  increases  the  attenuation 
race,  which  may  signify  wave  penetration  above  the  upper  boundary  of  the  present  nighttime  model,  where 
die  ionosphere  lias  been  assumed  to  bo  Isomogeneous  in  the  vertical  (or  radial)  direction  and  where  the 
presence  of  an  increase  of  electron  density  near  the  F-layer  has  been  Ignored. 


1-4 


The  effects  of  the  F-layer  will  be  Investigated  using  several  idealized  electron  density  profiles. 

It  is  frequently  assumed  that  the  electron  density  which  is  of  the  order  of  10®  cm"-*  at  an  altitude  near 
100  lea  is  gradually  increased  in  the  height  range  between  100  and  200  km;  a  more  rapid  Increase  is  observed 
near  the  bottom  side  of  the  F-layer,  where  Ne  exceeds  104  following  Hanson,46  Prince  and  Bostick,  ,  Such 
electron  density  data  are  further  idealized  by  the  profiles  A  and  B  of  Figure  8.  For  altitudes  between 
100  and  200  km,  the  electron  density  varies  from  experiment  to  experiment;  and  it  is  in  the  range  from  300 
to  5000  cm'®  following  Wakai,4®  and  Maeda4* ,  An  E-layer  peak  that  Is  reported  near  100  km  with  densities 
of  3000  to  104  cm'"*  in  the  review  of  Maeda4*  is  approximated  by  the  profile  C  of  Figure  8,  which  follows 
profile  B  at  altitudes  above  120  km.  The  profile  D  considered  in  conjunction  with  the  electron  density 
curve  C  represents  lower  densities  than  the  profile  B  in  the  altitude  range  from  120  to  (lip  -  Ah)km, 

The  simplest  sharply  bounded  and  homogeneous  F-layer  model  profile  A  of  Figure  8  overemphasizes 
the  effects  of  standing  waves  between  D  and  F-layers,  the  characteristics  of  which  are  determined  by 
the  propagating  magneto-ionic  mode.  There  appear  absorption  peaks  and  phase  velocity  changes,  the 
occurrence  of  which  depends  on  electron  density,  boundary  height  of  the  F-layer,  and  the  radial  component 
of  the  static  magnetic  field;  but  in  long  distance  or  global  propagation  the  conditions  for  absorption 
peaks  may  be  satisfied  only  locally.  More  refined  models  include  ions  above  100  km,  a  gradual  electron 
density  buildup  at  the  bottom  side  of  the  F-layer,  and  a  residual  nighttime  E-layer;  these  factors  tend 
to  decrease  but  do  not  eliminate  the  standing-wave  effects  in  a  given  ionosphere  model,  as  may  be  seen 
from  the  data  shown  in  Figure  9  for  ionosphere  models  C  and  CD.  It  lias  not  been  possible  to  advance  a 
“ingle  ionospheric  model  which  produces  gradually  varying  propagation  parameters  comparable  to  the  ones 
obtainable  from  models  of  the  lower  ionosphere.  The  average  of  the  calculated  propagation  parameters 
tends  to  approximate  the  propagation  parameters  of  the  isotropic  nighttime  ionosphere  model,  and  not  the 
pcrameteis  of  the  lower  ionosphere  model  with  a  radial  static  magnetic  field.  Nighttime  models  of  an 
ani jotropic  lower  ionosphere  may  give  excessive  attenuation  rates;  and  such  simplified  ionosphere  models 
si-juld  be  carefully  justified  by  comparisons  with  available  experimental  data. 

The  propagation  parameters  of  the  daytime  model  of  the  lower  ionosphere  with  a  radial  geomagnetic 
field  and  of  the  isotropic  nighttime  ionosphere  of  Figure  7  arc  indicated  by  the  dashed  lines  in  Figure  10. 
The  Isotropic  nighttime  model  was  shown  in  Figure  9  to  approximate  an  average  of  propagation  parameters 
derived  for  more  elaborate  models  which  consider  ionospheric  anisotropy  and  reflections  from  the  F-layer. 

In  the  frequency  range  of  Schumann  resonances,  the  average  of  propagation  parameters  of  the  theoretical 
curves  approximates  the  data  of  Chapman  et  al44;  Taylor*®  does  not  consider  his  transpacific  measurements 
accurate  for  frequencies  less  than  40  c/s,  and  for  higher  frequencies  there  is  a  reasonable  agreement 
between  the  theoretical  curves  and  the  data  of  Taylor®®,  the  400  c/s  California  to  New  York  measurements 
of  Dunn  et  al32,  and  the  atmospherics  measurements  of  Chapman  et  al44.  The  measurements  of  Jean  et  al4® 
made  on  a  mixed  day  and  nighttime  path  are  intermediate  between  the  day  ar.d  nighttime  measurements 
shown  in  Figure  10.  The  estimated  propagation  parameters  of  Jones46,  who  does  not  distinguish  between 
day  and  nighttime  conditions,  are  intermediate  between  those  of  the  present  anisotropic  day  and  isotropic 
nighttime  models  shown  in  Figure  10.  The  propagation  parameters  arc  affected  by  the  selection  of  ion 
models  of  the  lower  ionosphere.  An  increase  of  ion  density  and/or  a  decrease  of  the  ion-neutral  collision 
frequency  may  lead  to  day  and  nighttime  models4^  which  exhibit  a  **  1  db/1000  km  for  f  =  30  c/s.  If 
adopted  for  the  analysis  of  global  propagation  phenomena,  such  ionosphere  models  would  produce  a  rather 
high  damping  ot  Schumann  resonances. 

Propagation  under  perturbed  conditions  is  discussed  by  Crain  and  Booker46,  Johler  and  Berry4®,  or 
Field47.  The  conductivity  of  the  lower  ionosphere  is  determined  principally  by  ions  and  ions  will 
affect  the  characteristics  of  radio  wave  propagation  under  perturbed  conditionc  and/or  for  the  lower 
frequencies,  but  there  are  uncertainties  In  parameters  that  characterize  the  ion  contributions  to  the 
total  conductivity.  The  measurement  data  shown  In  Figures  8-18  and  8-20  of  Valley®0  indicate  that  for 
moderate  northern  latitudes  and  for  altitude  range  of  20  to  28  km,  the  small  ion  concentration  is  near 
2500  era'®  and  the  atmospheric  conductivity  i  is  2  to  5  x  10-12  mho/m  with  variations  up  to  i40  percent. 

Such  conductivity  figures  can  be  reproduced  in  calculations  if  the  ion  collision  frequencies  v^n  exceed 
the  neutral  particle  of  collision  frequency  vnn  and  if  molecular  weights  MW  exceed  MW  »  29  of  the 
typical  lower  atmosphere  ions.  For  unperturbed  and  slightly  perturbed  ionosphere  profiles,  the  phase 
velocity  is  practically  unaffected  by  the  presence  of  ions;  but  there  is  some  increase  in  the  attenuation 
rate  a.  The  propagation  parameters  are  shown  to  depend  on  the  choice  of  MW  and  v^n  figures  by  Galejs®*. 

5.  SCHUMANN  RESONANCES 

The  electromagnetic  oscillations  in  the  spherical  shell  between  the  earth  and  ionosphere  chat  are 
due  to  azimuthal  waves  are  frequently  described  as  Schumann®^  resonances.  These  oscillations  are  excited 
by  naturally  occurring  lightning  discharges  and  are  manifested  by  Increased  spectral  field  amplitudes 
near  8,  14,  iO  c/s  and  higher  frequencies.  At  these  frequencies  the  wavelengths  are  large,  and  the 
resonances  arc  affected  by  ionospheric  parameters  averaged  over  comparable  distances.  The  essential 
characteristics  of  the  resonances  can  be  explained  even  by  assuming  a  perfect  symmetry  of  the  cavity,  and 
the  elementary  field  representations  of  Section  3  can  be  used  to  calculate  resonance  frequencies  and 
cavity  quality  (Q)  factors  -nd  noise  spectra. 

There  la  a  close  agreement  between  measured  and  calculated  resonance  frequencies,  but  certain 
ambiguities  are  associated  with  an  interpretation  of  Q-factors.  The  half-power  width  of  resonance  curves 
is  affected  by  the  presence  of  adjacent  resonances  and  of  near  field  noise,  which  may  lead  to  low  experi¬ 
mental  Q  estimates.  A  close  agreement  with  measured  power  spectra  may  be  obtained  with  Q  figures  which 
are  higher  than  the  usually  accepted  experimental  values.  When  used  in  conjunction  with  estimated  source 
distributions,  similar  theoretical  models  are  also  useful  for  explaining  diurnal  changes  of  power  levels 
and  differences  of  noise  levels  observed  at  various  locations  on  the  globe*. 

The  nonsymmetrica!  structure  of  the  earth-tu- Ionosphere  cavity  has  been  analyzed  numerically  with 
a  network  analog  of  the  varying  surface  impedances®- , by  perturbation  techniques®4*®®  or  by  a  direct 
summation  of  the  series  of  zonal  harmonics,  which  ail.”. a  for  O  but  no  »  variations  of  the  fields®6.  In 
a  uniform  or  t-syrmetrical  cavity,  the  fields  are  expressed  using  Legendre  polynomials  P  (cos  *->  while 
nonsymnocrica !  cavities  can  support  additionally  the  so-cnllcd  split  modes  characterized  by  Legendre 
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functions  Pn  (cos  0)  with  m  <  n,  The  various  node  amplitudes  of  3uch  a  field  representation  are 
determined  from  a  solution  of  linear  equations  the  number  of  which  increases  quAdraticaliy  with  the  number 
of  modes  N  >  n.  The  solution  of  the  large  number  of  linear  equations  is  avoided  by  restricting  N  to  two. 

In  a  geometry  which  distinguishes  only  between  day  and  night  hemispheres,  the  amplitudes  of  these 
additional  split  modes  appear  to  be  negligible  under  normal  day  and  nighttime  conditions. 

The  diurnal  frequency  variations  differ  when  observing  vertical  electric  or  horizontal  magnetic 
field  components.  The  fundamental  resonance  frequency  of  the  magnetic  field  Is  smoothly  varying.  The 
frequency  variations  of  the  electric  field  appear  discontinuous  near  the  null  of  the  fields  when  the 
equatorial  point  source  Is  separated  from  the  observation  point  by  90°  in  longitude,  but  the  magnitude 
of  these  frequency  changes  is  decreased  for  sources  spread  out  in  the  asimuthal  direction.  The  diurnal 
frequency  variations  reported  by  Balser  and  Wagner5?  and  Nelson5^  are  shown  In  Figure  11.  The  complete 
observed  frequency  variation  can  be  explained  by  noting  that  the  peak  activity  of  local  thunderstorms, 
which  occurs  in  late  afternoon  over  land,  is  shifted  to  nighttime  for  sources  over  the  Pacific  Ocesn. 

A  similar  difference  in  the  peak  activity  of  thunderstorms  can  be  seen  from  the  data  of  Maxwell  and  Stone5®, 
Solovyev5®  and  Whipple6®  plotted  in  Figure  12. 

In  agreement  with  Madden  and  Thompson^  or  Nelson5^,  the  frequency  shifts  of  resonance  frequencies 
are  explained  by  the  interaction  of  adjacent  resonance  modes.  Bllokh  et  al55  proposed  a  mechanism  where 
the  difference  in  the  response  of  day  and  nighttime  hemispheres  to  an  eccentric  geomagnetic  field  caused 
frequency  changes  for  a  single  mode.  For  such  frequency  changes,  it  is  necessary  that  the  nighttime 
phase  velocity  is  decreased  with  an  increaeed  radial  component  of  the  geomagnetic  field;  but  in  multi¬ 
layer  ionosphere  models,  which  consider  F-layer  reflections,  there  can  be  also  an  increase  of  phase 
velocity  following  Figure  9. 

6.  AIR-TO-SEA  INTERFACE 

The  subsurface  fields  near  the  air-to-sea  interface  wi’  oe  discussed  only  at  large  distances 
from  the  source,  where  the  fields  of  the  airspace  can  be  adequately  represented  by  a  single  propagating 
waveguide  mode  as  in  (3)  and  (6).  The  subsurface  fields  will  be  described  in  a  cartesian  (x,y,z) 
coordinate  system,  where  the  x-axis  is  in  the  direction  of  wave  propagation  above  the  interface,  y-axls 
Is  transverse  and  horizontal,  and  the  vertical  z-axls  is  oriented  upwards.  These  x,y,z  coordinates 
correspond  to  the  0,  «,  r  coordinates  of  the  spherical  system  used  in  Section  3.  The  magnetic  fields 
of  the  lossy  half-space  (z  <  o)  will  be  of  the  form 


>'y  =  exp  (Ik,  5x  -  ikz  z) 


(9) 


with  no  field  variations  in  the  y-direction.  The  continuity  of  the  K  field  representations  (6>  and 
(7)  for  z  »  0  shows  that 


,,o  Ids  J  i3  S 
y  ”  ~  2  h  Y aX  sin 


(10) 


Also  the  E^  and  E^  components  of  the  field  can  be  written  in  the  form  (9)  as 


E.  =  Ej  =xp  <iko  Sx  -  ikz  «) 


(U) 


with  j  »  x  or  z.  Substitution  of  (9)  and  (11)  in  Maxwell's  equations  shov9  that 


(k  S)2  +  k2  -  k2  (e  +  1  -£-> 
o  z  o  r  _ 

o 


(12) 


F  I  i" 

r  '  ' 

(j  »  o 


(13) 


where  <  is  the  relative  -Meleccric  constant  and  «r  is  the  conductivity  cf  tho  medium.  For  sea  water 
e  .  80l  ^  4  nho/tn  and  -/wc0  >  108  for  f  <  720  c/s.  S  is  of  the  order  of  unity  and  can  be  neglected 

in  (13);  the  wave  number  k2  of  wave  propagation  in  the  verclcal  direction  is  then  the  sane  as  for  a  plane 
wave  m  a  homogeneous  medium.  Although  tho  wave  propagatee  in  the  x-direction  above  the  interface,  the 
wave  propagates  downward  in  the  lossy  medium  for  z  <  0. 

The  assumption  of  a  homogeneous  semi-infinite  lossy  medium  neglects  salinity  changes  with  increas¬ 
ing  depth.  Pronounced  conductivity  variations  have  been  observed  in  the  shallow  waters  near  Denmark, 
where  the  lower  conductivity  Baltic  water  may  be  found  on  top  of  higher  conductivity  water  of  the  North 
Sea  following  rtrocx-Nannestad6! . 

The  exponential  decrease  cf  field  intensity  indicated  in  (9)  and  (11»  is  not  necessarily  observed 
with  increasing  depth  near  the  short  Sine.  Soderbcrg6?  lias  observed  the  natural  EIF  noise  in  the  8  to 
60  c/s  range  off  the  coast  of  Bajj  California  at  depths  from  30  to  300  meters.  The  measured  noise  levels 
are  compared  with  calculations  for  a  seal-infinite  conducting  racdiua  in  Figure  53.  the  decay  of  the 
fields  is  nearly  exponential  in  the  vicinity  of  the  surface,  buc  the  noise  level  l*  increased  as  the 
bottom  is  approached.  This  incrturc  of  the  ambient  electric  field  is  apparently  caused  by  energy  conducted 
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from  the  shore  along  the  ocean  bott.m.  Soderbcrg  has  also  related  the  depth  of  the  minimum  noise 
value  to  the  electric  properties  of  the  ocean  bottom  and  to  the  distance  from  the  shore. 

63 

Spence  et  al  J  have  studied  the  electromagnetic  fields  in  the  tan  resulting  from  ground  wave 
excitation  over  land.  They  present  an  approximate  trestment  of  a  twi  imcnsional  geometry  and  indicate 
the  relative  contributions  to  the  noise  field  in  ocean  by  energy  prenagated  from  above  the  surface  and 
from  below  the  ocean  bottom. 

7 .  EFFECTS  OF  WAVE  MOTION 

Wave  motion  of  the  ocean  surface  will  cause  same  fluctuations  of  the  subsurface  fields. 

Walt66  considers  a  uniform  plane  wave  in  free  space  traveling  in  a  direction  parallel  to  the  mean 
(plane)  boundary  of  the  conuuctlng  dielectric.  The  interface  is  taken  to  be  a  sinusoidal  wave  form  with 
oi  amplitude  much  smaller  than  the  period,  with  the  magnitudes  of  both  being  much  less  than  the  free 
space  wavelength.  The  fields  in  a  reference  plane  through  the  wave  troughs  are  computed  by  assuming 
that  field  penetration  at  any  point  along  the  conductor  is  the  same  as  for  a  planar  surface,  which  is 
depicted  in  the  computational  model  A  of  Figure  1A.  The  subsurface  fields  are  then  related  to  the  fields 
in  the  reference  plane.  In  this  approach  subsurface  fields  do  not  exceed  the  surface  fields  of  a  planar 
interface.  In  the  limit  of  large  wavelength  L  fields  below  the  surface  will  depend  on  the  instantaneous 
depth  below  the  wave. 

Winter66  presents  an  elaborate  statistical  analysis  of  surface  roughness  described  by  a  gaussian 
distribution,  but  he  assumes  that  the  surface  fields  at  a  given  time  on  the  wavy  surface  are  the  same  as 
in  an  unperturbed  geometry.  This  implies  that  the  tangential  electric  field  components  on  the  wavy 
surface  are  essentially  determined  by  the  projection  of  the  nearly  vertical  unperturbed  fields.  The 
tangential  fields  below  the  sloping  part  of  the  wave  may  be  stronger  than  for  a  flat  sea  where  the 
tangential  field  component  is  related  to  the  normal  component  by  the  boundary  condition 
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In  this  formulation  the  undersea  fields  become  very  weak  for  long  waves  when  the  maximum  slope  is 
decreased  and  there  is  no  indication  that  the  subsurface  fields  depend  on  the  instantaneous  depth  in  the 
limit  of  large  L, 

Lemer  and  Max**®  find  a  solution  co  the  field  problem  above  the  sea  surface  on  the  assumption 
that  the  sea  surface  is  perfectly  conducting  to  the  extent  that  the  E-flcld  is  everywhere  normal  to  the 
surface  ana  that  the  water  waves  make  the  sea  surface  a  trochoids  1  cylinder,  the  cross  section  of  which 
is  indicated  in  Figure  15.  Then  (dropping  the  assumption  that  sea  water  is  a  perfect  conductor)  they 
relate  ..he  subsurface  fields  to  the  fields  and  their  normal  derivatives  at  the  sea  surface.  For  under¬ 
water  measurements  made  a  few  tens  of  feet  below  the  troughs  of  the  waves,  the  field  variations  due  to 
one-  or  two-foot  sea  waves  are  averaged  out.  Figure  15  indicates  slight  field  differences  for  EM  wave 
propagation  in  directions  perpendicular  (J_)  and  parallel  (II)  to  the  wave  crests,  but  the  variations  are 
small  relative  to  the  changes  in  nominal  field  strength  that  corresponds  to  the  Instantaneous  antenna 
depth  and  is  indicated  by  dashed  lines.  For  storm  waves  the  phase  and  amplitude  of  the  underwater  ileld 
varies  with  instantaneous  depth,  which  is  illustrated  for  waves  of  D  ■  25  ft.  in  Figure  15.  These 
theoretical  predictions  have  been  confirmed  experimentally  in  the  VLF  range. 

Wetzel67  has  considered  Hi  field  fluctuations  in  submerged  reception  by  postulating  that  the 
electric  fields  are  normal  to  the  wavy  boundary.  He  distinguishes  between  big  wave  theory,  when  signal 
fluctuations  are  related  to  the  instantaneous  observer  depth,  uin.  -.11  wave  theory,  where  he  spectrum 
of  signal  fluctuations  corresponds  to  the  spectrum  of  ocear.  waves,  but  with  an  added  high  frequency  cut¬ 
off.  The  small  wave  theory  is  valid  for  k  D  «  1  where  k  i3  the  wave  number  of  sea  and  D  is  the  wave 
height,  with  kz  ~  >  t'ie  small  wave  theory  applies  to  larger  wave  heights  D  (or  greater  wind  speeds) 

at  the  lower  frequencies  of  the  EI.F  range. 
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Fig.  1  Current  Waveforms  of  Lightning  Discharges, 


Fig  2  Spectrum  of  the  Dipole  Moment  for  a  Median  Lightning  Flash. 
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Fig- 7  Phase  Velocity  and  Attenuation  Rates  of  ELF  Waves,  Electron  Profiles  of 
Added  Ions. 
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Fig. 11  Measured  And  Calculated  Variations  of  Resonant  Frequencies;  Observer  At  45°  N,  70°  W; 
Equatorial  Sources  Active  During  The  Indicated  Interval  Of  Local  Time, 


LOCAL  TIME 


Fig  12  Diura3l  Variations  of  Local  Thunderstorm  Activity. 
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Attenuation  Versus  Depth  for  Iws  Frequi-nc les .  The  Straight  Lines  Represented  the  Open 

Sea  Attenuation  (With  Rcsrcec  to  a  Reference  Depth  o!  10  Meters).  The  Dots  Represent 
.Measures!*  nts  of  SoderberR  <1969!. 
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Fig.  14  Fields  in  a  Conductor  with  a  Wavy  Interface. 


rig  15  Subsurface  Fields  of  Lerncr  and  Max  {1965)  f  a  20  Kc/s 
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ABSTRACT 

We  consider  a  two-dimensional  model  of  propagation  of  radio  waves  tn  the  earth-ionosphere  wave¬ 
guide  across  a  land/sea  boundary.  The  surface  impedance  of  the  outer  wall  is  uniform  but  there  is  a 
discontinuity  in  the  surface  impedance  for  the  lower  wall.  Following  a  Wiener-Hopf  procedure,  the 
dual  integral  equations  for  the  problem  are  solved  exactly.  Various  limiting  forms  of  the  solution  are 
discussed.  In  particular,  it  is  t.iown  that  the  exact  expression  for  the  mode  conversion  coefficient  is 
closely  related  in  form  to  the  result  obtained  t  /  Kirchhofl  theory.  The  numerical  results  show  that  a 
land/sea  boundary  may  cause  excessive  conversion  of  energy  from  the  dominant  to  the  higher  modes. 

The  resulting  interference  pattern  can  have  seiious  consequences  in  VLF  phase  navigation  systems. 

1.  INTRODUCTION 

The  Wiener-Hopf  technique  has  been  used  extensively  to  examine  wave  propagation  in  non-uniform 
structures.  The  scope  of  the  method  has  been  the  subject  of  two  notable  lextbooks1,  ^  One  of  the 
earliest  applications  was  carried  out  by  Heins  and  Fcshbach^who  were  Interested  in  acoustic  wave 
scattering  i:  ducts  with  non-uniform  walls.  The  application  of  the  method  to  water  waves  in  channels  of 
non-uniform  depth  has  been  considered  by  Heins'*  and  Keller  and  Weilz*?  An  interesting  problem  in 
electromagnetics  involving  diffraction  by  an  imperfectly  conducting  sheet  was  treated  by  Senior*'  using 
an  elegant  adaptation  of  the  factorization  method. 

Recently,  the  Wiener-Hopf  technique  and  related  factorization  methods  have  been  applied  to  a  host 
of  electromagnetic  problems  involving  boundaries  with  discontinuities  in  the  surface  impedance.  Many 
of  these  are  described  by  Weinstein"1  who  has  contributed  extensively  in  this  field.  Propagation  of  radio 
waves  across  a  coast  line  was  treated  by  Clemmow7  and  Bazer  and  Karp8  for  a  flat-earth  model,  and  by 
Thompson*)  and  Chang10  for  a  curved-earth  model.  The  coast  line  problem  has  also  been  treated  by 
integral  equation  methods  where  approximate  solutions  are  obtained  by  relatively  simple  iterative  pro¬ 
cedures  [  e.  g.  ,  Feinberg11,  Wait  ,  •  These  latter  approaches  are  closely  related  to  the  Kirchhoff 
method  as  pointed  out  only  very  recently. ^ 

In  the  present  paper,  we  wish  to  consider  wave  propagation  in  the  earth-ionosphere  waveguide  which 
has  a  uniform  upper  boundary  and  a  sectionaliy  uniform  lower  boundary.  To  facilitate  the  solution,  the 
problem  is  made  two-dimensional  by  adopting  a  cylindrical  model  excited  by  a  uniform  magnetic  line 
source  in  the  axial  direction.  Thus,  in  effect,  we  are  considering  azimuthal  propagation  in  the 
cylindrical  cavity.  Unlike  earlier  discussions  f i.  e.  ,  Wait1^,  Chang10],  we  formulate  the  problem  in 
terms  of  cylindrical  wave  functions  so  the  final  results  are  applicable  to  an  unrestricted  range  of  the 
parameters. 

A  special  objective  of  the  present  work  is  to  cast  the  exact  solution  into  a  form  which  can  be  easily 
compared  with  the  corresponding  Kirchhoff  result.  Actually,  the  latter  can  be  derived  directly  from 
orthogonality  considerations.  Finally,  some  illustrative  numerical  results  are  presented.  Also,  we 
consider  the  approximate  extension  of  the  theory  to  any  number  of  homogeneous  sections. 

2.  BASIC  FORMULATION  FOR  UNIFORM  BOUNDARIES 

In  order  to  introduce  the  notation  and  to  facilitate  the  analysis,  we  consider  first  the  fields  of  a  mag¬ 
netic  line  source  located  in  a  concentric  cylindrical  cavity  with  uniform  boundaries.  The  solution  is 
cast  in  the  form  of  a  contour  integral  which  is  particularly  suitable  for  treating  the  mixed-path  problem 
by  a  factorization  technique. 

To  be  specific,  we  choose  a  cylindrical  coordinate  system  (r,0,z)  with  the  z  axis  parallel  to  the 
cylindrical  structure  being  considered.  The  inner  and  outer  surfaces  of  the  cavity  are  then  defined  by 
r  a  and  r  =  b,  respectively.  A  uniform  magnetic  line  source  of  strength  K  is  located  within  the 
cavity  at  r  =  r0  and  0  =  0  where  a  <  r0  <  b  .  The  direct  or  primary  magnetic  field  at  (r ,0)  of  the 
line  source  has  only  a  z  component  H^.  For  an  implied  time  factor  exp(itdt),  it  is  given  by 

H^  =  KH^tkR)  (1) 

where  R  f  rl  +  r2  -  2  r  r  cos  0  ]  ^  ,  k  =  2  jr/(wavelength)  and  where  H^  is  a  Hankel  function  of 
the  second  kind  of  order  zero. 


NOTE  -  A  longer  version  of  this  paper  with  complete  mathematical  details  will  be  made  available  in 
the  open  literature. 
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We  now  construct  an  expression  for  the  total  field  Hz  within  the  cavity  which  behaves  like  (1)  as 
R  -  0  and,  at  the  same  time,  it  satisfies  appropriate  boundary  conditions  on  the  cavity  walls.  In  this 
connection,  we  assume  that  the  tangential  electric  field  Eg  is  proportional  to  Hz  at  both  walls.  Thus, 

Efl  =  -  Z,  H  at  r  =  a  and  E*  e  Z,  H  at  r  =  b  (2) 

0  1  z  0  1  z 

where  Zt  and  Z.,  by  definition,  are  surface  impedances.  Because  the  fields  do  not  vary  in  the  z 
direction  we  know  from  Maxwell's  equations  that,  within  the  cavity,  Eg  =  i'nQS  Hz/^x  where  x  =kr 
and  where  ri0  =  120  JT  ohms.  Thus,  the  boundary  conditions  (2)  are  equivalent  to 

5H/dx=iA,Hl  where  A,  =  Z/rt  ,  and  J  H  Ax  =  -i  A.  H  1  where  A.  =  Z./q 

2  iJx  =  ka  2  zJx  =  kb  1  1  ° 


The  appropriate  form  of  the  solution,  for  r  <  r  ,  is  easily  found  to  be 
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where 


and 
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H(1)'(ka)  -  i  Aj  H(1)(ka) 
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H<2)’(ka)  -  i  A,  H(Z)(ka) 
H(2)’(kb)  +  i  A.  H(2)(kb) 
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(3) 

(4) 

(5) 


[The  primes  over  the  Hankel  function  indicate  differentiation  with  respect  to  the  indicated  argument.  ] 
The  form  of  (3),  valid  for  r  >  rQ  ,  is  obtained  by  merely  exchanging  r  and  rQ  where  they  occur  in  (3). 


3.  RESIDUE  SERIES  FOR  UNIFORM  BOUNDARIES 

While  (3)  is  an  exact  solution  for  the  cylindrical  cavity  with  uniform  walls,  it  is  not  useful  for  calcu¬ 
lation.  A  more  convenient  form  is  obtained  by  deforming  the  contour  about  the  singularities  of  the  inte¬ 
grand.  For  the  problem  specified,  these  are  poles  at  v  =  ±  vm  where  vm  (m  =  1,  2,  3, ... )  are  the 
solutions  of 

1  -  ,R  S  =  0  (6) 

1  V  V 


which  appear  in  the  fourth  quadrant  of  the  complex  v  plane.  We  retain  only  the  contribution  for  q  =  0  . 
Thu  8,  we  obtain 
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The  neglected  terms  (i.  e.  ,  non-zero  values  of  q)  correspond  to  waves  which  have  encircled  the 
cylinder  at  least  once. 

4.  FORMULATION  FOR  MIXED-PATH  PROBLEM 

We  now  turn  out  attention  to  the  mixed-path  problem  depicted  in  Fig.  la.  Here,  the  suiface  im¬ 
pedance  of  the  lower  boundary  at  r  =  a  of  the  cylindrical  cavity  is  sectionally  uniform.  For  0  c  0  , 
the  surface  impedance  is  Z.  but,  for  B>  0Q,  the  surface  impedance  is  Zi  ,  On  the  other  hand,  tfie 
surface  impedance  at  the  upper  boundary  is  Zj  and,  as  before,  it  is  uniform  for  ali  0  . 

For  the  posed  mixed-path  problem,  we  assume  that  the  resultant  magnetic  field  H^  can  be  written 

H'  =  H  +  iH  (9) 

Z  7.  Z 

where  Hz  is  the  field  for  a  fully  uniform  situation  (i.  e.  ,  Zj  =  Zj )  while  is  the  modification 

resulting  from  the  change  of  the  surface  impedance  from  Zx  to  Z 2  for  0  >  9°  .  From  (3),  we  can 
readily  deduce  that 
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1  * k  a 1  -  irv  sjK2)<ka>  - 1  ^  Hr)<ka)] 


where  the  Wronskian  relation 


H(1)(x)  H(2),(x)  -  H(2)(x)  H(1)'(x)  =  -4i/|tx) 


v  v 


has  been  used. 


We  now  construct  an  integral  representation  for  6Hz  which,  first  of  all,  satisfies  the  required 
boundary  condition  at  r  =  b  .  A  suitable  form  for  6H  is 


-J_c 

iffk  a  J 


J.ri.,R  sit  H  “  -  i  A,  H<2>’ 
l.  1  v  vj  L  v  V  J 


which  certainly  fulfills  the  condition 
[»  «HAx  =  -ii.6H] 


x  =  k  r  =  kb 


The  function  8{v)  is  yet  to  be  determined  and  the  other  factors  in  (12)  are  introduced  for  later  con¬ 
venience.  Also,  for  simplicity  in  (12)  and  in  what  follows,  we  use  the  following  convention,  for  Hankel 
functions  of  argument  ka  , 

H^ka)  =  .  (14) 

v  v 


The  boundary  condition  on  the  total  field  is  now  automatically  satisfied  at  r  =  b  since  both 
H2  and  61^.  satisfy  (13).  The  more  difficult  case  is  for  the  lower  boundary  at  r  =  a.  Here,  we  must 
have 

3  H'/dx  =  i  A,  H1  for  6<  0 

z  z  o 

=  i  A2  H'  for  0  >  0  .  (15) 

z  o 


But  we  know  that 


>H/)X  =  i  A,  H  for  all  0  . 

z  *  z 


Therefore,  a  compact  statement  for  the  boundary  condition  at  r  =  a  is 

[Oft-- „  -°  ,or  *  * 

x  =  R  a 

[(£  -  140,H.]  ,  ■  lor  a 


for  0  >  0 
o 


Using  the  integral  representations  (13)  and  (14),  the  boundary  conditions  in  the  form  given  by  (17) 
and  (18)  readily  yield  +oj 

^  8(v)  e  d  v  =  0  ,  for  0  ■c  0^  ( 17] 

-  CD 

and  xm  xm 

T  CO  -f  00 

^F(v)e(v)  e'lv(0'6°)  dv  =  i(A2  -  A.)  ^  C[l)  e'lv6  d  v  ,  for  0>8  ,  (20 
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In  (21)  and  (22)  above,  R  and  S  are  defined  by  (4)  and  (4).  respectively,  while  ,R  ,  in  (21)  is 
defined  by  v  v  J 


i 


2-i 


,R 

£  V 


V  V 


(23) 


where,  in  keeping  with  our  conxention,  the  arguments  of  the  Hankel  functions  are  ka  unless  otherwise 
indicated. 


(24) 


In  order  to  reduce  the  dual  integral  equations  (19)  and  (20)  to  simpler  form,  we  introduce  the  inte 
gral  representation  +“ 

S(v)  =  J  S(v,  0)  dv 

_  CO 

and  then  assume  that  the  order  of  integration  may  be  inverted. 

Then,  (19)  and  (20)  are  equivalent  to  the  pair 


^  S (v,  v )  e 


-i  v  (9-0  )  .  . 

o  d  v  =0 


for  0  <  0 


and 


+  m 


(V(v)  6(v,  v)  e‘ll'l0*eo)  dv  =  i(A2  -  A,)  G(0)  e‘lv9 


for  0  >  6 


(25) 


(26) 


5.  SOLUTION  BY  FACTORIZATION  MLTHOD 

We  now  follow  the  standard  Wiener-Hopf  technique  (e.  g.  ,  Noble  )and  obtaina  solution  for  S (v, v  ) 
by  introducing  the  factorization  , 

l/F  (v)  =  M+(v)  N'(v)  .  (27) 

Here,  the  function  M+(v)  is  regular  except  for  poles  in  the  finite  part  of  the  Complex  v  plane  and  has 
neither  zeroes  nor  poles  in  the  upper  half  plane.  The  function  N"(v)  is  also  regular  except  for  poles 
in  the  finite  part  of  the  complex  v  plane  bu^  it  has  neither  zeroes  nor  poles  in  the  lower  half  plane. 
Without  difficulty,  we  can  also  show  that  M  (v)  and  N'(v)  are  bounded  at  infinity  in  the  upper  and 
lower  half  planes,  respectively. 

With  the  above  conditions  in  mind,  we  can  now  write  the  formal  solution  as 


(A2  -  A,  -i  v0„  M  (v)  N  (0)  „  , 

B  { v ,  v  )  - — — *-  e  °  -  G(v) 

v  -  v 


(28) 


under  the  provision  that  the  contour  of  integration  in  (25)  and  (26)  be  indented  above  the  pole  at  v  -  v  . 
This  result  for  S(v,  v)  is  confirmed  by  closing  the  contour  in  (25)  and  (26)  in  the  upper  and  lower  half 
planes,  respectively,  and  making  use  of  Jordan's  Lemma  and  Cauchy's  theorem.  Using  (24),  we  see 
that 


6(v)  :  .i^AL  M+(v)  f  Lk!  G(v)e‘Ueo  dv 

2  tr  J  v  -  v 


(29) 


where  the  integration  is  indented  below  the  pole  at  v  =  v  .  A  series  representation  for  3(v)  can  be 
obtained  by  noting  that  since  0Q  >  0,  the  contour  can  be  closed  in  the  lower  ?  half  plane.  Then  contri¬ 
butions  at  the  residues  of  the  poles  at  0  =  v  yield 


3(v) 


+  'C  N  ' 
=  i(A2  -  At)  M  (v)  £  -777 
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(30) 


When  this  result  is  inserted  into  (12)  we  have  a  solution  for  1  Hz  . 

By  making  use  of  (27),  we  obtain  the  following  explicit  re-ult: 

A  v  +n  N"(v  )  ai(£>(kr>  +  *  HU)(kr), 

,  ..  _  -  A»)  \  i  rn  V _ v  v  ' 

z  "*  rrka  _  „  n“(v)  "  2Rv  Sv^V  ’  Viyi  ^ 
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6.  REDUCTION  OF  THE  SOLUTION 

The  integral  solution  written  in  the  form  given  bv  (31)  is  particularly  convenient  for  evaluating  the 
field  when  fl  >  0O  .  In  this  case,  we  close  the  con  our  in  the  lower  half  plane  and  sum  the  residues  at 
the  poles.  There  are  two  sets  of  these.  First  of  ai.,  we  have  the  pole  at  v  =  .  The  residue  contri¬ 

bution  from  this  set  (summed  over  m)  is  identical  to  -Hz  where  Hz  is  given  by  (7).  To  establish 
this  equivalence,  we  use  the  following  easily  proved  relation: 


[0  -  - s  ^ 


V  ka  1RV  H(2)l-  i  As  H(z| 
m  v  1  v 


Here,  we  have  made  repeated  use  of  the  definition  of  R  given  by  (4)  and  the  pole  condition 
,  R  S  =  1  .  v 

1  V  V 

m  m 

In  view  of  the  preceding  development,  we  find  that  the  sum  of  the  residues  at  the  second  set  of 
poles  at  v  =  p  yield  directly  the  expression  for  Hz  +  6  Hz  or  ,  Thus,  after  some  reordering  of 
the  terms  we  find  that,  for  fl  >  , 


H'  =  Y  A  e'll'm0°  S  T  -i  jH(2)(k  r)  +  S  H(1)(kr)] 

z  L  m  L  n,  m  L  P  P_  P  '  'J 


where  A  is  given  by  (8),  and 
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T  =  i  ( Aj  -A2  ) 
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and  \l  are  solutions  of 
n 


1  -  R  S  =  0 
7.  v  v 


in  the  lower  half  v  plane. 

In  order  to  discuss  the  result  for  (34),  we  define  the  wave  function  Z  (k  r)  by 
Z  (kr)  =  H(2)(kr)  +  S  H(1)(kr)  , 

V  V  V  V 


which  also  holds  for  v  s  vm  and  v  =  .  Then,  we  can  write  (34)  in  the  fully  equivalent  form 


v  +  H  N  (v  ) 
m  n  m 


v"  -  H 
m  r 


(4,-A2)Zv  (ka) 
m 


«  NX>  l&[zv  <ka)  * 1 (ka)]} 


The  physical  interpretation  of  (33)  is  that  modes  of  order  m  incident  on  the  coast  line  ai  6  =  0o 

are  converted  to  modes  of  order  n  .  Thus,  T  is  a  mode  conversion  coefficient.  ^  In  fact,  it 
,  n,  m 

may  be  shown  that 

T  =  Q  T  (38) 

n,  m  n,  m  n,  m 


In  order  to  obtain  an  expression  for  the  secondary  field  4  Hz  scattered  back  toward  the  source,  we 
would  return  to  the  contour  integral  representation  (12).  For  0  <  fl0,  we  would  close  the  contour  in 
the  upper  half  plane  and  then  sum  the  residues  at  the  enclosed  poles  at  v  =  -v  , 
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Here,  we  have  made  use  of  the  infinite  product  theorem  in  order  to  decompose  N  (v  >  and  N  (p  )  . 
The  function  Qn|m  can  approximated  by  unity  in  many  cases  of  practical  interest.  In  fact,  tfiis 
corresponds  physically  to  using  a  Kirchhoff  approach  in  order  to  estimate  the  forward  mode  con¬ 
version  at  the  land/sea  boundary. 

7.  AIRY  FUNCTION  FORM  OF  THE  SOLUTIONS 

The  solutions  obtained  here  for  th*  fields  of  the  magnetic  line  source  in  the  cylindrical  cavity  can 
be  cast  in  a  form  suitable  for  numerical  work  if  the  Airy  function  representations  for  the  Hankel 
functions  are  employed.  These  may  be  written  as  follows: 


H^'(x)  a  -  (i/ir2)  (2/x)’  w*  (T)  ,  (41)  H<Z)(x)  s  (i//)(2/x)Jwt(T)  ,  (42) 

where  T  a  (v  -  x)  (2/x)^  and  w2  (r )  and  w2  (T )  are  Airy  functions.^  These  representations  are  valid 
provided  x  1  and  |v-x|  :t2/3  which  means  that  the  low-order  modes  of  greatest  physical 

interest  are  adequately  described.  Also,  to  within  the  same  approximation,  the  derivatives  of  the 
Hankel  functions  may  be  approximated  by  the  derivatives  of  the  Airy  functions.  Thus, 

H(1)'(x)  a  (i/ff*)  (2/x)2/3  wl(T)  ,  (43)  H(2)'(x)  2=  -(i/A(2/x)2/3w{(T)  .  (44) 


We  are  now  in  the  position  to  express  the  final  result  for  H'z  or  Hz  +  6HZ  in  a  form  which  is 
familiar  in  the  development  of  VLF  propagation  theory  for  the  earth-ionosphere  waveguide.  Thus,  we 
write  for  the  uniform  waveguide 

H  =  H®  W  (45) 

z  z 


and  for  the  non-uniform  waveguide 


H*  =  H  W1 
z  z 


H®  =  2KH^2)[ka0] 


2 1  -ika0 
2  K(  — — s  )  e 
\  n  k  a  By 


Here,  H  is  a  reference  field  which  is  numerically  equal  to  the  field  of  the  magnetic  line  source  of 
strength  "K  located  on  the  surface  of  a  flat  perfect  conductor  at  a  linear  distance  ka8  .  Then,  if  the 
fields  are  normalized  in  this  manner,  W  and  W  are  the  "attenuation  functions"  which  are  applicable 
to  the  earth-ionosphere  waveguide  in  spherical  geometry  15. 

In  order  to  proceed,  we  introduce  some  of  the  appropriate  naturalized  parameters  such  as 
xq  =  (ka/2)*  eQ  ,  x  =  (ka/ 2)7  g  ,  yQ  -=  [2/(ka)l*  k(b-a) .  y  *  [2/(ka)]i  k(r-a),  y  =  [2/(ka)]*  k(rQ  -  a), 

q5  =  -i(ka/2)*  A2  ,  q2  =  -i(ka/2)^  A2  and  q.  =  -i(ka/2)^  A^  .  The  meaning  of  these  parameters  is 
illustrated  in  Fig.  lb. 

Omitting  numerous  details  of  a  straightforward  nature,  we  can  write  down  the  expressions  of  the 
attenuation  functions  mentioned  above. 

W  a:  —  (irx)*  c'1^4  V  A(1)  exp(-ixt(1))  G(i,(y)  G(1,(y)  (48) 

y  /,mr  rn  m  m 


m  =  1,  2,  3, , 


and  for  0  >  0 


T  16 

These  are  related  to  the  mote  conventional  Airy  functions  defined  by  Miller  as  follows; 

Wj  2  (r)  =  !7f  [Bi(r)  -  i  Ai(r);  . 
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Here,  1 and  tj^  ^  are  solutions  of  the  mode  equations 

A(r)  B(1!  (r)  =1  ,  (51)  and  A(r]  B(2)(t)  =  J  , 

respectively.  Here, 


and 


A(r)  =  - 

a(l.  2) 
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w{  (r  -  yQ)  +  q,  wt  (r  -  yQ) 
wi  (T  -  yQ)  +  q.  w2  (r  -  yQ)  J 

wi(T)  -  q,  ,  wj(r)  _ 


n  21  -ni  7  • 

Bu<  '(r)  =  -f - — - I 

11  Lw{(r)  -  qi  z  w^r)  J  * 


We  also  note  that  in  terms  of  the  previous  notation, 


v  i  ka  +  (ka/2)^  t^ 
m  m 


(55)  and  H  s:  ka  +  (ka/2)®t^ 
n  n 


m 

(50) 

(52) 

(53) 

(54) 

(56) 


The  "excitation  functions"  occurring  in  (48),  (49),  and  (50)  are  defined  as  follows: 


'(«■*)]  • 

where 


f(t,q)  =  t  -  q* 


(57,  C  1.)] 

(t  -  yQ  -  q?)(wl  (t)  -  q  w2  (t)]2 


-1 
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Also,  the  "height-gain"  functions  occurring  above  are  defined  by 

M),  ,  W<tn!-Q+ACtm)W^Ctm  ~y) 
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and 
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w  ■ 


I', 

/ 


(58) 

(59) 
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8.  AN  ILLUSTRATIVE  EXAMPLE 

A  key  parameter  m  this  study  is  the  mode  conversion  coefficient  defined  by  (50).  It  involves  the 
infinite  product  function  Qn  given  by  (40).  In  the  discussion  which  follows,  we  can  sec  Qn  „ 
equal  to  unity.  '  ’ m 

In  order  to  discuss  a  concrete  example,  we  consider  transmission  at  a  frequency  of  20  kHz  from 
a  land  surface  (with  a  conductivity  c?i  =  10”^,  10  0r  10'^  mhos/meter  and  a  relative  dielectric 
constant  K,  =  15)  to  a  sea  surface  (with  a  conductivity  c2  =  4  mhos/meter  and  a  relative  dielectric 
constant  K2  =  80).  The  ionosphere  conductivity  parameter  u'r  -  2  *  195  and  the  reflecting  height 
h  =b-a  =  70  km  are  representative  of  daytime  conditions.*^  Numerical  values  of  the  attenuation  rates, 
phase  velocities  and  excitation  factors  along  with  the  conversion  coefficients  are  given  in  an  earlier  re¬ 
port,  Here,  we  will  merely  indicate  a  sample  of  the  results  in  graphical  form. 

The  magnitude  of  the  conversion  coefficient  §n_  m  is  plotted  in  Fig.  2  for  a  typical  case.  Not 
surprisingly,  the  conversion  coefficient  becomes  more  marked  as  the  conductivity  contrast  between 
land  and  sea  :s  increased.  The  corresponding  frequency  dependence  of  the  conversion  coefficient  is 
illustrated  in  Fig.  3  for  a  fixed  set  of  the  parameters.  From  this,  it  appears  that  the  mods  conversion 
is  generally  stronger  for  the  higher  frequencies. 
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9.  FINAL  REMARKS 

In  our  discussions,  we  have  been  considering  explicitly  a  two-section  path.  However,  in  principle, 
there  is  no  difficulty  tn  extending  the  present  theory  to  a  multi -section  path.  For  example,  we  might 
consider  the  four-section  path  depicted  in  Fig.  4  which  is  a  generalization  of  the  -ituaticr  shown  in 
Fig.  lb.  The  surface  impedance  parameters  are  qt  ,  >u  ,  q3,  ar.d  q4  as  indicated,  while  the  distances 
of  the  three  boundaries  from  terminal  A  are  described  by  the  parameters  x1  ,  Xj  ,  and  x3  .  On  the 
assumption  that  all  reflections  can  be  neglected,  the  two-section  solution  may  he  applied  in  succession 
to  each  separation  boundary.  Thus,  without  difficulty,  we  find  that  the  resultant  attenuation  function  at 
terminal  B  is  given  by 
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which  i.i  an  obvious  generalization  of  (49).  Here,  S  ,  for  j  s  1,2,3,  is  the  mode,  conversion  co¬ 
efficient  for  the  jth  separation  boundary  and  is  given  by 

§  tt)  _ _ qJ  ~  Vi _  /63) 

n' m  f  f 7t (j) ,  q.'|f('t(j+11)q..l')]V‘(j)  ‘  »  U+U  ^  ‘ 

L  x  m  niy  V  n  j+L/J  V.  m  n  ./ 


where  f(t,q)  is  defined  by  (59). 

A  mixed  path  of  any  number  of  sections  can  be  treated  by  cascading  the  two-section  results  in  the 
manner  indicated  above.  The  summations  in  (62)  may  each  be  truncated  after  only  a  few  terms  if  the 
distance  increments  xj  ,  x2  -  Xj  ,  x3  -  x2  ,  and  x  -  x,  are  all  of  the  order  of  one  or  larger.  Thus, 
the  method  works  well  when  the  individual  sections  are  not  too  short. 

The  ionospheric  model  we  have  chosen  is  very  rudimentary.  While  it  is  adequate  for  the  present 
purpose,  we  call  attention  to  recent  V1.F  mode  calculations  for  homogeneous  earth  but  with  very  re¬ 
alistic  D-region  profiles  [  e.  g.  ,  Galejs  It  is  believed  that  such  model  calculations  can  be  readily 

extended  to  include  land/sea  boundary  effects  using  the  method  in  the  present  paper, 
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Fig.  1(a)  The  model  of  the  earth- 
ionosphere  waveguide  illustrating 
the  physical  parameters 


Fig  1(b)  The  model  of  the  earth- 
ionosphere  waveguide  illustrating 
the  "natural"  parameters 


Fig.  2  Conversion  coefficient  as  a  Fig.  3  Conversion  coefficient  as  a 

function  of  the  land  conductivity  a,  function  of  frequency 


Fig.  •!  Multi-section  path  m  the  earth- 
ionosphere  waveguide 
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SOMMAIRE 


Cet  expost  traite  de  la  propagation  des  ondes  acoustiquos  ou  t-lectromagnttiques  a 
travers  la  mer.  Cette  dernitre  est  considtrte  cornme  un  milieu  conducteur  d'ondes,  de  eontenu 
nc  .  homogtne,  «ux  frontitres  non  lisses  et  non  c.iaques.  La  paroi  suptrieure  est  constitute  par  la 
surface  de  separation  entre  l'air  et  l'eau  considtrte  comme  un  plan  auquel  est  superposte  une 
perturbation  ondulte  stationnaire  crtte  par  les  courants  atriens  et  marins.  La  paroi  inftrieure 
est  tgalern  "“nt  un  plan  auquel  est  superposee  une  perturbation  uppropnte  destinte  a  simulcr 
l'lntgaLtt  de  la  croflte  terrestre.  On  tient  compte  do  1'inhomogtntitt  do  la  mer  en  utilisant  une 
stratification  verticale  comportant  un  certain  nombre  de  couches  homogenes  stpartes  par  des 
surfaces  intermtdiaires  planes. 

On  ttudie  l'interaction  du  champ  d'onde  avec  chaque  surface  intermtdiaire  en  faisant 
appel  k  ^approximation  physique  optique  qui  est  valable  pour  les  asptritts  a  faible  pente. 

Les  rtsultats  numtriques  re’atifs  k  I'ttendue  des  effets  ue  diffraction  sont  donnts  pour 
le  cas  d'une  onde  d'espace  incidente  et  d'ur.  module  marm  consistant  en  un  milieu  conducteur  d'ondes 
de  .ontenu  homogtne  et  aux  parois  comportant  des  asptritts  de  place  en  place. 
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SUMMARY 


fhi«  paper  concerns  the  propagation  of  acoustic  or  electromagnetic  waves  in  the  sea.  The 
latter  is  considered  as  an  inhomogeneoualy- filled  waveguide  with  rough  non-opaque  frontiers. 

The  top  wavoguide  wall  is  the  air-water  interface  considered  to  be  a  plane  surface  on  which  is 
superimposed  a  stationary  wavy  perturbation  due  to  air  and  sea  currents.  The  bottom  wall  is  also 
a  plane  surface  with  an  appropriate  perturbation  designed  to  Simulate  the  uneveness  of  the  earth's 
crust.  The  inhomogeneity  of  the  sea  is  taken  into  account  by  considering  the  waveguide  to  be  filled 
with  a  number  of  horizontal  piecewise  homogeneous  layers  separated  by  flat  or  perturbed  inter¬ 
faces  which  are  mutually  parallel  to  each  other  in  the  mean.  A  homogeneous  plane  wave  propagates 
towards  the  sea  in  the  air  which  is  considered  as  a  homogeneous  medium  extending  upwards  towards 
infinity.  Similarly,  the  earth's  crust  is  treated  as  a  homogeneous  medium  extending  downwards 
toward  infinity.  The  interaction  of  the  wave  field  at  each  interface  is  examined  by  a  perturbation 
method  based  on  the  assumptions  that  the  spatial  frequency  spectrum  of  the  interface  profiles 
have  a  high  spatial  frequency  cutoff  and  that  the  smallest  spatial  period  of  the  interface  profiles 
is  large  compared  to  the  wavelength  in  air  of  the  incident  monochromatic  wave.  Numerical  results 
pertaining  to  the  extent  of  diffraction  effects  are  given  for  a  model  of  the  sea  consisting  of  a 
homogeneously-filled  waveguide  with  periodically  rough  walls. 


1.  INTRODUCTION 

Among  the  many  factors  which  con  affect  the  propagation  of  acoustic  or  electromagnetic  waves 
in  or  above  the  3ea  are  the  sea  surface  and  bottom  roughnesses  and  tho  temperature-pressure-3alinity 
inhomogeneity  of  the  water.  Wait  (l)  and  others  have  already  treated  the  problem  of  propagation 
in  and  above  an  inhomogeneous  medium  which  i3  considered  as  being  composed  of  a  number  of  horizontal 
piecewise  nomogoneoua  layers  separated  by  flat  mutually  parallel  interfaces.  On  the  other  hand, 
Beckmann  (2)  and  others  have  treated  the  problem  of  the  propagation  of  waves  in  the  presence  of  one 
rough  interface  separating  two  homogeneous  media.  However,  the  Wait  model  does  not  account  for 
interface  roughness  and  the  Beckmann  model  neglects  either  the  top  or  bottom  rough  interface  and 
the  effects  of  inhomogeneities  of  the  media. 

Th  l  theoretical  considerations  which  follow  offer  the  first  opportunity  to  study  the  inter¬ 
action  of  an  acoustic  or  electromagnetic  wave  field  with  a  rather  complete  model  of  the  sea  which 
takes  into  account  interface  roughnesses  as  well  as  inhomogeneities  in  the  water  medium. 


2.  PHYSICAL  MODEL 

The  air,  the  water,  and  the  earth's  crust  are  considered  to  bo  linear,  isotropic,  time-invar¬ 
iant  media  describable  by  a  set  of  scalar  physical  constants  which  are  the  complex  indices  of 
refraction,  the  electrical  parameters  (Tt€,/A  (electromagnetic  case)  and/or  the  densities  p 
(acoustic  case).  The  air  and  earth's  crust  are  homogeneous  media  of  infinite  extent  in  the  horizontal 
(XOY)  plane  and  of  half-infinito  extent  in  the  vertical  (z)  direction.  (Fig.  l)  The  complex  indices 
of  refraction  of  these  two  media  are  denoted  by  N1  and  N^+1  respectively;  these  parameters,  as  well 
as  the  other  pertinent  electrical  of  acoustical  parameters  for  the  two  media  in  question,  are  inde¬ 
pendent  of  the  x,y  or  z  coordinates.  The  sea  is  considered  to  be  composed  of  a  number  (L-  1)  of 
piecwlse  homogeneous  horizontal  layers  whose  complex  indices  of  refraction  N  ,11  and  other 

pertinent  electrical  or  acoustical  parameters  are  independent  of  x,y  and  z.  The^interfaces  of  this 
structure  are  infinite  cylindrical  surfaces  whose  generators  are  parallel  to  the  y  axis  and  whose 
generating  curves  C^(x,z),  k*1,2,...,L  are  described  by  the  equations 

2,1  z*fk(x)  Vx  ,  k»1  ,?,«,.,L 

with  single-valued  continuous  fuctions  of  x  for  all  x.  In  addition,  the  interfaces 

are,  on  the  average,  flat  mutually  parallel  horizontal  planes  which  means  z»(f.  (x))  describe 
a  set  of  planes  parallel  to  the  XOY  plane  (Fig.  2). 

A  plane  homogenous  monochromatic  wave  propagates  in  air  towards  the  sea  such  that  its 
propagation  vector  lies  in  the  XoZ  plane.  In  view  of  the  linear,  homogeneous,  isotropic  nature 
of  the  media,  and  m  view  of  the  geometry  of  the  interfaces  and  of  the  plane  incident  wave,  the 
total  wave  field  possesses  cylindrical  symmetry,  with  y  tho  lgnorable  coordinate. 
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3.  STATEMENT  OF  THE  BOUNDARY -VALUE  PROBLEM 

Consider  a  monochromatic  wave  field  which  we  shall  designate  by  the  vector  i?(x,z,t)  in  the 
electromagnetic  cue  and  by  the  scalar  ?(*»**  t)  in  the  acoustic  case.  We  shall  assume  that  the 
temporal  variation  of  this  field  is  of  the  form  exp-iu»t  with  <0  the  angular  frequency.  Let  Fj£,z) 
and  F(x,z)  denote  the  spatial  parts  of  Jf  and  ^  respectively}  in  the  electromagnetic  cue,  F  will 
represent  either  the  transverse  electric  (TE)  field 

s  ?(#,!)*  (0,U(X,i),0) 

or  the  transverse  magnetic  (TM)  field 

3.2  F(X,*)s  iff*,*)  5  (0,UtK,l),0) 

whereu  in  the  acoustic  cue.  F  will  represent  the  product  of  the  density  £(x,z)  and  the  velocity 
potential  ’p 

3*5  F(M)s  U<X,*)5 


The  incident  field  is  described  by 


3.4 

where 
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u,(v,»)j  t*. t )  1**1* 

A,  =  *f/A 


is  the  wavenumber  in  air,  A  the  wavelength  in  air, 
measured  from  the  positive  s  axis. 

We  shall  identify  u(x,z)  with  the  functions  u^ 
defined  byi 
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*>ti  Cx) 
*3  >{*<*) 
fu  >  2 


and  the  angle  of  incidence  in  the  XOZ  plane 
y • • • f in  the  plene  dooeins 

;  Kmf 

j  K  z  2, 5, . 1 1  /  C  J  V)( 

;  KsL  +  1 


The  integer  k  is  equal  to  1  in  air,  2  in  the  first  water  layer,  3  In  the  second  water  layer,...., 
L  in  the  last  water  layer,  and  I/M  in  the  earth's  crust,  whenu  f  ,k«1 -2r***,L  are  the  successive 
interface  profile  functions  and  u^  the  total  wave  field  in  the  k-th  medium. 

The  physics  of  the  boundary  value  problem  is  embodied  in  the  following  partial  differential 
equations  and  constraints  which  permit  the  unique  determination  of  u^,  k-1 ,2, . ,.,LM t 

3*7  Wk,  i  continuous  for  (*,?)€  S*  ,  K  t.  4,  tj  ljt-1 

3.«  (&  +  **  J'V*/*)  *  0  <*,*)€  Sk  ,  K  T.1, L*<\ 

3.9  k."  "  +  »  /*’K;€Kj0*k  Constantin  SK 

3.10  V/K<X,#„)-UK+l(XlfK)*0 

3.11  Pk^K  -0 


} 


where 


,12 


3.13 


U  •  a 

*K 


9* 

M* 


acoustic  case  (  ^  »density»conotant  in  ) 

TE  case  •magnetic  permeability»con6tant  in  ) 

1M  case 


#  * 


Ay 


3  A«constant  such  that 

(  Zr-ikt)  [  zO(rA/*)  ;  r*f*W-*  •« 

(  *  0(r*^)  ;  r-*&e  . 
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4.  GREEK'S  FUNCTION  FIELD  REPRESENTATIONS 

It  has  bean  shown  elsewhere  (3)  that  the  field  can  be  rigorously  represented  by  the  following 

expression 


4.1 


*  ,  t/yjm  sK 


where 

Y**f*,l- 

4.2  Ur  »  4  -  Ok,i 

•VK  *  1  -  «R.whf 

K,  is  the  operator 
inn 


+ vr  /r  kk^k<k  >*,My*<*>*«w* 


K  L+1 


(  5*.  "Kroneoker  delta), 


and  G1  is  the  Green's  function 

i(4). 


)  R  a  t;  l,  •..> 


4.4  C»j£x»k,%*'t)*  jp  Ck^(xmX/i  -i)^  (^e,<  “Henkel  function) 

In  (3)  It  was  also  shown  that  the  2L  unknown  functions 

Vk(*)s  Uk<*  !**<*» 

*•5  VK(x)  I 

are  solutions  of  one  of  four  sets  of  2L  coupled  integral  or  integrodlfferential  equations.  Straight¬ 
forward  numerical  techniques  can  be  employed  (4)  (at  least  in  the  case  of  periodic  interface  profile 
funotlons)  to  solve  these  equations  but  such  an  approaoh  is  both  costly  and  cumbersome  (in  addition 
to  jeing  difficult  to  generalise  to  aperiodic  interface  profile  functions).  The  approach  that  will 
be  used  here  is  to  search  for  approximate  solutions  to  the  integral  equations  by  means  of  a  per¬ 
turbation  techninue. 

5.  PLANE  HAVE  FIELD  REPRESENTATIONS 


5.1 


By  replacing  G,  in  4.1  by  its  plane  wave  integral  representation 

G* (>“*,  *'-*)  e  L  r  flip 


it  can  be  shown  that,  within  the  domains  S£  defined  as  foliowst 

2  :>  ffe^MAx  ;  K«f 

C^K-t )hir  >  (ftt)***  , 

[  (^4.)m»w  >*  ;  K  »  1*1 

the  field  can  be  expressed  by 


5.2 


Vx 


f  u„  r "(»)  t ikH !<rK<s)x-wK(s)*)ds 

where 


K  «  f,Z,  ♦  #*  ^  Cff 


•  4 


5.4 

5.5 

and 

5.6 


s  kAk(  ’% 
w R(s)  *  ♦yi-rictt1 


R’«>  1  |  rt, _ r  J  £ ■>  |] 


Rk(*)  «nd  T*(«)  ure  the  tapiitudeft  of  the  reflected  end  transmitted  plane  waves  In  the  domain  S*  | 
these  reduce,  in  the  oase  in  which  all  the  interfaces  are  flat  (in  which  case  S^-S^)  1°  the  well- 
known  result 


r  RKfn  v  J  2  r/.-t  i 

>•»  {r-toj  5 


If  V  m 

with  a  “Sin @0  ,  R  ,T  oonstantej  and  s  the  Dirac  distribution.  Eq,  5,7  expresses  the  fact  that  the 


field  “  reduces  to  the  incident  wave  plus  one  specularly  reflected  plane  wave  in  S  ,  to  one  refracfc- 

...,SY  and  to  one  refracted 


ed  plane  wave  plus  one  reflected  plane  wave  in  each  of  the  domains  S,.,3  , 

plane  wave  in  S^.  In  all  other  case3,  that  is,  when  the  interfacea^are  rough"surf aces,  the  fields 
in  the  domains  S»  must  be  expressed  as  continuous  infinite  -pectra  of  plane  waves. 
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It  is  R5(s)  which  ie  of  particular  interest  j  us  here,  I  R  CS)I  for  <  1  rep¬ 

resenting  the  scattering  diagram  of  reflected  flux  in  air.  To  determine  this  function,  we  will  have 
to  evaluate  u.(x)  and  v.(x)  whioh  are, of  course,  related  to  u^x),  v.(x),  k"2,.i.,L. 

In  the  special  case  in  which  all  the  profile  fuctions  f  are  periodic  in  x 

5.8  (*  t&K )  ) 

such  that 

5.9  hl*+**)  8  > 

with  &  such  that 

5.10  ArMfAfrMKAK  ;  Kri, M1  ,  Mk  integers, 


the  continuous  spectrum  of  5.3  reduces  to  the  discrete  spectrum 


5.11 

UKOc,*} 

=  r***P*V«i«*-wi**)+£ 

i-  v*  **f>ikkurKnx t */*„*)] 

with 

-  Sn 

S0  4  Inrr/ki  t 

(  grating  formula  (5)) 

5.12  ' 

WKh  *  ♦  V  1 

l  ** 

•SF". 

Eq.  5.11  was  obtained  for  the  first  time  (for  I.«1)  by  Lord  Rayleigh  (5). 


;  1  > 
«  » 1,1,  L+-1 


6  .  FUNDAMENTAL  HYPOTHESES 

In  the  following,  we  shall  assume,  when  considering  the  case  of  periodio  interface  profile 
functions,  that  5.11  is  a  valid  representation  of  the  total  fields  throughout  and  in  each  of  the 
domains  S  (that  is,  not  only  in  the  subdomains  S£).  It  turns  out  (6)  that  even  though  this  is  not 
strictly  true,  5.11  and  4.1  are  equivalent  representations  throughout  Sk  in  the  asymptotic  sense 
to  be  defined  later  on. 

Secondly,  5.11  vill  be  used  to  obtain  approximate  expressions  for  u^(x),vk(x)  in  the  oase  of 
periodic  interface  profiles  and  it  will  be  assumed  thatthese  expressions  are  fundamentally  the  same 
whether  the  interface  profiles  are  periodic  or  aperiodic  functions  of  x.  This  hypothesis  can  be 
Justified  a  posteriori  by  applying  to  5.3,  which  i»  valid  for  aperiodic  profiles,  the  same  pertur¬ 
bation  technique  as  will  be  applied  to  5.11. 

It  is  necessary,  as  concerns  the  use  of  the  perturbation  method  with  5-11,  to  add  additional 
constraints  to  the  functions  f  .  As  the  latter  are  periodic  functions  of  x  in  the  case  considered, 
they  can  be  expanded  in  the  Fourier  series 

t  ,1  f  „(*>  » •  A4 £  t  rtX  +  f!*]  -period  of  fk). 

First  of  all,  we  shall  assume  that  fk  has  a  high  spatial  frequency  cutoff}  this  means  that 

6.2  for  1>Lh 

The  spatial  period  cf  the  Lk-th  harmonic  is 
6  ,3  pK  =  &k/lK  5  K 

and  our  second  assumption  will  be  that 

6.4  pK  »  >  ;  Kr1,l,...,<- 

But,  as  A„*A/Mk  ,  6.4  is  equivalent  to 

6.5  A  »  M*!.*  X  ) 

or,  in  other  words, 

,'.6  0  <  C  5  <  <(Mk  l-*)***  ^  ^ 

C  will  be  chosen  as  the  perturbation  parameter  in  the  following  analysis. 

In  order  to  conform  as  muon  as  possible  with  the  assumptions  made  in  the  periodic  prefile 
esse,  we  shall  assume,  in  the  aperiodic  profile  oase,  that  the  Fourier  spectrum  of  f^,  k-l,..,,L 
contains  no  spatial  frequencies  higher  than  ii?  -  ,  which  means  that 

6  .7  -  h  LM*(v)cninpH'&"(v)swiityxUy  =  +s7g)it»  fyxfy 
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where,  as  before,  it  1*  assumed  that 

6  .8  OK 

A 


7,  FORMAL  SOLUTION  OF  THE  PERIODIC  PROFILE  PROBLEM 

Let  us  substitute  5*11  into  3.10-3.11,  multiply  3.10  and  3.11  by 

A*Vx  A irfffVc*  *  +  f* )  * 

or  r  j  #vn  0,X*,  •••/  £  * 

”  A”*«ix  t*p -tkfri  ( Vk+i,** X  ~  ^*41, oK) 

respectively,  end  integrate  the  resulting  equations  over  one  period  A  «  These  operations  lead  to 
the  following  linear  system  of  equations 


7.1 

7.2 


-rKf  =  Z 

it  /mo  *  *  •  ti 
•  Hi 


r.  R*r**  A*  A**1?*’**1! 

L  l)*  8*  *  tX*  iMI)  1*1,  "w-f  n*»  •*,‘*M*»  J 


IK  V-W, 


M*'*» 


•  ktr 
’ana 


-ix  r*"t*'**  it 

*/K*f  *3*  ‘'awe  J 


Si  1/*—/ 1 


which  is  equivalent  to  the  matrix  equation  of  order  PL  60 

7.)  el  ifl  =  <St  , 

where 
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{ hi 

7.9 

[ 

1  ,  H=  j  TZ) 

7.10 

/A*  -* 

j  a: 

1  ,  t’-i 

7.H 

a  «  * 

A*  *K 

^K9  ) 

®s[o"°o]  Ml] 


1I«jW,V-AtW«#7+K  if  1 

il?  I  tnti  [  !?(*'*")}<  *{t&f  Hch,#^it  J  }  1 

4)*  8  * 

) 

) 

whems  aignifie*  the  matrix  whose  elements  are  ?*,*  for  a,n  varying  from  0  to  +, oc  ,  and 

signifies  the  vector  whose  elements  are  e*,  for  m  varying  from  0  to  +  «e  . 
it  will  be  noticed  that  is  a  partitioned  hypermatrix  whose  four  submatrices  are  them¬ 

selves  nypermatriees  of  infinite  order  such  that  the  order  of  C?t  xs  2LOO  .  More  interesting  Is 
the  fact, well-known  to  those  familiar  with  thin-film  analysis  in  optics  (7),  that  CL  is  expres¬ 
sible  in  terms  of  .  This  suggests  that  trn  solution  (Ft  ,  for  L  interfaces,  can  be  obtained 

by  ar.  iterative  process  from  the  solutions  Ift,  ••••  >  for  1,2,...,L-1  interfaces.  This 

is  seen  more  clearly  from  the  following  analysis.  The  solution  of  7.3  is  formally 

f,  *  ( e;X  , 


7.12 
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e 

vh«r«  lit  L  it  tht  invert*  of  which  ctn  he  written  u 

<£».,<«  »  rt.it 

?.i3  (HI  *  v  j 'IT '  i 

rt.tf  ;  «*v«J 


end  where,  by  the  rules  for  the  inversion  of  a  four-fold  petitioned  matrix, 


-1 


7.14 


w  =  -CtM  Ct,4» 

s  (  (Ft.at  +  M  ) 

(B  L,ti  s  -Ct.ti  ®t|tt  ft-t 

<6t|1«  =  ®t-i  +• 

This  result  ahows  the  relation  between  IE  l  and  i£  i-i  . 

Unfortunately  .it  is  not  possible  to  proosed  any  further  with  this  analysis— analysis  which 

should  have  led  to  the  actual  solution  of  the  problaa—  since  it  is  not  possible  to  Invert  even 

in  closed  fora. 

8.  PERTURBATION  SOLUTION 


of  C 


8*"* 


With  C  the  perturbation  parameter,  let  us  expand  f  t  ,  /F^  and  <Rt  in  aeries  of  power*. 
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The  index  1,  in  these  expressions,  denotes  the  order  of  perturbation.  By  Inserting  (3.1  into  7*3, 
and  by  comparing  powers  of  C,  we  obtain 


8.2 
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cr1  rf  . 

I"’  =■  ©“'*  z  IE.  *  *i‘  ; 


This  defines  a  useful  recourrence  relation  provided  that  can  be  inverted  in  closed  for*. 

However  Jg*#'  is  expressible  ac 
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.7  ^  =  |  ^""1  ~  J 

j  f  K,rt,j  -  \  Cd*  *? *(Mf  j 
8  9  Mj  ir]  =ji^  4^ *</“■  (i *i *jo+K" w*«,* j 
8.10  W  ,  . 

Therefore  the  inversion  of  follows  the  saae  rules  a*  that  of  end  depends  on  the  possi¬ 

bility  of  inverting  (<**  in  closed  fora.  It  turns  out  thet 


®  <}  ~  \  x  +Q  *  /  ♦ 

■*  ^fW,l  •  jji 

<  „ 


5..<« 


Closed-fora  expressions  for  if »*'  ....  then  follow  by  the  iterative  analysis  described  in 

7.14. 

The  general  result  of  all  these  operations  is  that  the  1-th  perturbation  order  coefficients  of 


3*  and  A?  are  expressible  as  the  1'ourier  integrals 
H  n 

art  rA  .  f  r*rtV»)  7  .  It  0,4,1,... . 

8*12  a*  0  6  1  **'%]  P  *  H 

#  > 

where,  for  three  or  less  Interfaces  (LA  3)  and  to  the  seroth  order  of  perturbation  (8)« 

r  r4W0t)  s  lT,J £<*, -*»><**?  +*%$)£}& 

t^Cx)  s  Wn 

r‘lt0Vx)  S  Was 

tV°Cx)  *  ti*  b*i  Wax  ; 

r'f0,Cx)  =  WiJ  Wxi  Wjx  WJj  > 

8#15  ■  bntAi*t*$/CP<*9***)]  ' 

y,  +  <s*j*Ktf  ^ti  -*\f)  > 

P  s  -(  +  f  As-Av)(4j+Af  , 

Wk  *  . 


The  case  of  two  or  one  interfaces  can  be  deduced  froa  the  preceding  relations  by  posing 


or  e»t« 


respectively. 


9.  NUMERICAL  EXAMPLES 

I  A  f(o)  i  ^ 

In  Figs*  3  4  *•  have  plotted  |  D0  I  xeroth  perturbation  order  flux  in  the 

zeroth  (specular)  grating  order  in  air,  as  a  function  of  the  incident  angle  .  The  upper  set  of 
curves,  in  each  ease,  refer  to  the  situation  in  which  the  two  interfaces  are  perfectly  flat,  ie.., 

9,1  I  *  -E 

whereas  the  lower  curves  refer  to  the  case  of  two  rough  periodic  interfaces,  ie.. 


J  *»<  <*3  *£„< 

1  l^tx)  r  -  £  ♦  1»,  tol 


9.2 


;{,;y  i// >’  -  «  •',»  4*  <4*  .»  !«.i* 1  Va«K*  5  1  S‘«  UK-*  l •fi'&'fl  *»* 
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In  both  oases,  the  sea  Is  considered  to  be  a  homogeneous  medium  whose  complex  Index  of  refraction 
is  N  ,  and  the  incident  field  is  either  a  TE  or  TM  electromagnetic  wave  whose  wavelength  in  air 
is  *  X  •  The  pertinent  parameters  are  given  in  the  table  below* 


Pig.-3  Pig.4 


h1 

0.1  a 

0,1a 

h2 

0.25  * 

0*2  *•  H 

*1 

5.0  a 

5.0  a 

A* 

10.0  a 

10.0  a 

N1 

1.0 

1.0 

N2 

12.9+9.3  i 

9.045+’.32o  i 

K3 

1.533+0,59  i 

i.4lo+b.33xiO"2  i 

E 

J00  a 

300  a 

X 

1  m 

0.1  a 

It  turns  out, that  at  the  chosen  wavelengths,  the  absorption  of  the  water  (related  to  the 
imaginary  part  of  the  refractive  index)  is  so  large  that  the  refracted  waves  in  the  water  are, 
for  all  practical  purposes,  completely  attenuated  before  they  reach  the  bottoms  this  means  that 
nothing  is  reflected  from  the  bottom  so  that  the  Incident  wave  is  "blind''  to  the  earth's  crust. 
However,  the  roughness  of  the  air-swa  interface  makes  Itself  felt,  since  there  is  a  large  differ¬ 
ence  in  specularly  reflected  flux  with  respect  to  the  flat  interface  for  practically  all  angles 
of  incidence  up  to  near  grating  incidence. 


10.  APPROXIMATIONS  FOR  THE  INTERFACE  FIELDS 


Approximations  for  u.  (x)  and  v  (x)  can  be  obtained  from  5*11  by  the  use  of  a  straightforward 
perturbation  technics  whxoh  employs  the  previously-obtained  expressions  and  ,  j,#t 

illustrate  this  procedure  for  u^(x).  From  5.H  we  have 


us 


10.2 

With 
10 


4-  a?  C'j*  f) 

By  expanding  all  functions  that  depsnd  on  C  in  series  of  powers  of  C,  we  obtain  the  relation 

<’<« .  v/"h>  *  ifj  v:'‘ih)A;u>  * 

;  Hf 

X  “  ^1)  ••  • 

.3  ^  s 

10.4  V'KU)  :  f,  [?e 

snd  with  ,  K(is  as  given  in  8.12. 

The  suantltles  of  interest,  u1(x),v1(x),  obtained  in  this  manner,  to  tne  xeroth  order  of 
perturbation,  are  of  the  fora 

10.5  u{#Vn)  r  t 

lO.o  V/C,(iri  e  -t  1-r<,eVx)]  d«U0ar,<f|) 

where, for  example,  in  the  case  of  two  interfaces, 

.  4dt)(^+4j)  J 


-Vel  . 

10.7  r  (x)r 
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Eqs.  IO.5-IO.6  constitute  the  so-called  horizontal-piano -physical -optica  approximation  for  the 
interface  fields.  Beckmann  (2)  has  previously  obtained  an  equivalent  expression  for  one  inter¬ 
face  only  (take  a^-a^  in  10,7). 

11.  APERIODIC  INTERFACE  PROFILES 

After  identifying  w1|£  with  v.  (s  )  and  inserting  uj°^(x)  end  vj°^(x)  into  the  perturbation 
expansions  of  R  (s),  we  oStoin  *  0 

11.1  R’40^*  ill  f~  r4M(x)  triikiUo-5**  ** 

IT  -•* 

A  similar  procedure  can  be  used  for  the  other  reflection  and  transmission  functions  to  all  orders 
of  perturbation  by  using  the  1/*  Vk),  vff  fx)  obtained  from  the  periodic  interface  profile  perturba¬ 
tion  analysis. 

12.  CONCLUSIONS 

The  theory  outlined  in  this  paper  is  applicable  to  any  rough-interface  stratified  medium 
provided  that  the  smallest  spatial  period  of  the  spectrum  of  the  interface  profile  functions  is 
large  compared  to  the  wavelength  of  the  incident  field  in  air.  The  results  are  valid  for  both 
periodic  and  aperiodic  rough  surfaces  and  t ’.ey  can  be  used  to  evaluate  the  influence  of  the  air- 
water  and  water-earth  interface  roughnesses  as  well  as  the  influence  of  inhomogeneities  of  the 
sea  on  the  signal  sent  into  the  sea  from  the  air. 

Tile  perturbation  method  explains  the  origin  of  the  oft-used  physical  optics  approximation 
and  shows  how  this  approximation  can  be  improved  (u,8,9)»  It  can  be  shown  (o)  that  the  pertur¬ 
bation  expansions  of  u.  (x)  and  v  (x)  art  asymptotic  series  for  C-*o  and  they  are  the  same 
asymptotic  series  one  obtains  byapplication  of  th8  perturbation  method  to  the  rigorous  Green's 
function  representations  af  the  fields  ;  this  explains  why  it  was  permissible  to  use  the  plane 
wave  field  representations  in  the  perturbation  analysis. 

Finally,  the  physical  optics  approximation  has  been  obtained  for  an  arbitrary  number  of 
rough  interfaces  whereas  only  the  single  interface  physical  optics  approximation  has  until  now 
been  given  in  the  littersture. 
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Introduction 


Cet  article  est  une  revue  ae  la  litterature  dans  laquelle  nous  nous  sonnies  efforces  d'etre 
le  plus  conplet  possible.  Le  rayonnement  des  sources  electromagnetiques  placees  dans  des  milieux 
absorbents  ne  const itue  en  effet  que  l'une  des  rubriques  de  la  bibliographic  que  nous  donnons  et 
qui  contient  h2h  references  d'articlcs.  Ce  nombre  de  publications  qui  n'eat  certaineoent  pas  cou¬ 
plet  et  qui  ne  comprend  pes  (a  part  quelques  uns)  les  auteurs  des  pays  de  l'Est,  mesure  l'impor- 
tance  des  efforts  qui  ont  etc  consacres  depuis  le  debut  du  20eae  giccle  a  la  comprehension  des 
oScanismes  qui  regiasent  la  propagation  des  ondes  clectromagnetiquec  dans  le  sol  et  dans  la  mer. 
Nr-  ’  traitons  a  pert  les  trevaux  experinentaux  et  les  travaux  theoriques  et  dans  chaquc  rubrique, 
les  references  sont  classeee  par  ordre  chronologique. 
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L'itude  du  ‘onctionn scent  des  apporeils  de  tilicomaunication  radioilectrique  lorsque  i' inert  eur  ou 
le  rbcepteur  (ou  let  deux)  eont  pieces  au  sein  d'un  milieu  aba or bant  &  dcja  fait  I'ob.iet  de  true  nom- 
breueee  itudes  thioriques  et  expirimentales. 

L'une  dee  motivations  de  ces  recherches  a  ite  le  disir  d'etabiir  des  communications  avec  los  sous- 
aarins  en  plongie.  On  trouve  eur  ce  problime  dea  publications  anterxeures  a  IS 20  (Kef.  (1)  a  (3)), 

Hoie  lee  recherchee  eur  le  propagation  dee  ondes  radioelectriques  d  travers  les  milieux  abeorbants 
ont  Sti  stimulies  par  beaucoup  d'autree  poesibilites  d 'applications  qu'il  est  intcrcssant  de  citcr. 

Dsns  le  dooaine  de  la  proepection  giopfysique ,  les  publications  sont  innonbrables.  A  l'epoque  ou 
SCHLUMBEZGER  et  STEFMESCU  (Rif,  (C)  a  (l2))diveloppaient  leurs  metbodes  de  proepection  en  t our  int  t  c,*ci- 
ru  ou  5  trie  baeee  friquence,  d'autree  chercheurs,  en  particulier  EVE  et  KEW'1^,  proposaient  ifjh  1 'uti¬ 
lise.  v»n  d'ondes  de  friquences  relativement  elevies,  La  periode  qui  s'etend  de  1930  jusqu'n  la  seconde 
guerre  .xjndiale  a  vu  parattre  un  assez  grand  noabre  de  travaux  concernant  des  procedes  electriques  et  ra- 
dioSlectr Lque*  de  proepection  giophysique  (Rif.  (lU)  a  (25)),  La  mime  periode  a  to  it  dcvelcpper  des  pro- 
efides  de  proepection  utilieant  dee  courants  impulsifs  (Rif.  (26)  a  (29)),  mais  ceo  pr-jeedes  n'ont  pas  *su 
d'avenir  i  cause  des  difficult&s  d'  interpretation,  Toutes  ceo  met  hod  es  elcctroma.;netiques  de  prospectior. 
geophysique  eont  dicrites  et  diecutees  dsns  le  livre  de  HE1LAH0  paru  en  19b6l^(', 

Parallolement  au  level  opponent  des  procedis  de  prospection  giophysique,  que  certains  de  leurs  proico- 
tcurs  tol  que  BARRET  (Ref.  (30)  d  (32))  pretendaient  faire  fonctionner  jusqu'a  des  profondeurs  interdites 
par  la  tbiorie,  de  n-.'ireux  exper  iment  at  eur  s  ont  cherche  a  etablir  par  des  mesures  directea  ef fee tubes 
dans  des  carri£rec,  dans  des  mines,  dans  des  cavernes,  ou  dans  des  forages,  les  lois  physiques  tie  la  pro¬ 
pagation  dee  ondes  electromagnitiques  a  travers  le  sol  •  Les  premieres  experiences  sesblent  avoir  ete 
faites  par ILSEEF,  FREEMAN  et  ZELLERS  du  U,S,  Bureau  of  Mines  ’  ^  en  1923,  puis  en  192 9  et  1330  par  EVE, 
KEYS  et  LEE  dans  les  grottes  du  Mamouth  au  Kentucky  (Rif.  (35)  a  ( 3T)).  Ces  experimentateurs  furent  euivis 
par  beaucoup  d'autree  (Ref.  (38)  A  ( 6:  • )  parmi  lesquels  nous  citerons  FR1TSCH  (Ref.  (6k)  &  (6?))  qui  a 
observi  dans  des  mines  de  potaise  des  portees  de  14  km  a  3,5  MHz,  et  PRITCHETT^0'  qui  meeura  a  l'aide 
d'iuetteurs  et  rSctpteurs  des tend us  dans  des  forages  1 'attenuation  dans  le  sol  d'une  onde  de  1652  Xcs. 

Api-is  la  seconde  guerre  mondiale,  le  diveloppement  des  armes  nucleaires  a  oblige  les  postes  de  com¬ 
mon’"  Tcent  militaire  d  s'enterrer.  Cette  nbcessite  a  prov'’'’ue  une  recrudescence  des  travaux  a  la  fois 
thioriques  et  expir imentaux  dont  le  but  itait  de  developper  des  uoyena  de  telecommunication*  radioblec- 
triques  entre  dee  stations  enterries  ou  ouboergees. 


Certains  ie  ces  travaux  ont  coesnence  a  etre  publics  a  partir  de  19 60, 


En  FRAHCE  l'gquipe  du  Profesaeur  GABIiiARU  a  effectui  en  collaboration  avec  l'Institut  :.’anqa.s  du 
Pitrole.  et  en  partie  pour  le  cocpte  de  la  D.R.M.E.*,  de  nombreux  travaux  expirinenl aux  (Rif.  (68)  a 
(89)).  Ceux-ci  corcernent  :  la  propagation  d'ondes  basse  frequence  (100  Hz  a  20  kHz)  a  travers  les  roches 
verticalement  entre  une  station  a  la  surface  du  sol  et  une  galerie  de  mine  (carriere  de  gypse)  situce  a 
80  a,  de  profondeur  (Rif.  (68)  a  (72)),  et  a  520  a.  dans  une  houillere  ;  la  propagation  entre  deux 
stations  aouterraines  en  utilisant  un  guide  d'onde  geologique  ;  la  mesure  directe  de  la  vitesse  de 
propagation  d'un  groupe  d'ondes  entre  deux  stations  souterraincs  (Ref.  (73)  a  ( 76) ) ;  la  propagation  a 

travers  les  roches  d'impulsions  ilectromagnitiques  bibves  (ltws)  (Ref.  (8l)  a  (8b))  ;  la  propagation  par 
(79) 

ondes  de  surface  .La  plupart  de  ces  travaux  expbrimentoux  ont  etc  resumes  en  1966  au  Cong res  de 
(77) 

l'A.G.A.R.D.  .  r.s  ont  conduit  a  la  rialisation  d'appareils  pratiques  de  telecommunication  a  travers 
le  sol  (Rif.  (85)  i  (89)). 


En  FRAHCE  igaleaent  il  fsut  parler  des  essais  de  GUTTOH  ^0)  qU£  etudie  en  mer  et  sur  terre  lu 
propagation  d'une  onde  de  surface  i  1*0  Hz.  Enfin  beaucoup  de  travaux  qui  ont  <te  effectues  par  des  orga- 
nismes  militaires  ou  par  des  societis  industriellcs  n'ont  pas  ete  publics  (Trsvaux  de  }a  C.G.G. ,  de  la 
S.E.R.E.B. ,  de  la  C.S.F.,  etc,,.). 


t  Direction  de:  Recherches  et  Moyens  d'Essais 


Aux  U.S.A.  In  travaux  experimentaux  concernart  la  propagation  radioElectrique  a  et  la 

aer  ont  Ete  tres  noobreux  dipuis  I960.  L'eopleur  de  cet  travaux  a  ete  revelfci  *n  1963  j*-i  ~i;  nwEre  special 
des  l.E.E.E.  Transactions  on  Antennas  and  Propagation  Edit*  par  J.R.  WAIT  ^l5^.  Depuit ,  le  l?eme  Symposium 


de  1'Avionics  Panel  de  1’AGARD  qui  a’est  tenu  a  PARIS  er.  Avril  1966  a  pernio  de  faire  le  point 


(150) 


Le 


iecteur  trouvera  dans  cec  documents  de  notabreuser  references.  Ellas  out  ete  recemoent  nises  a  jour  par 
J,R.  WAIT  dans  le  ChapJtrv  <1*  du  livre  "Antenna  Theory’’  public  par  R.E.  COLLIN  et  F.J,  ZUCKER  ^  ^ , 


,’iss  rei'Erences  que  nous  donnens  ne  sont  ou'un  sxtr-.it  dea  travaux  exper.nentaux  anEricains.  II  faut 
ciur  i«s  articles  de  CHOSE1'92  •  _e  KPAJCHHAN  (95),  de  C.K.H,  TSAO  et-  J.T.  dt  BETTENCOURT  {101»  102 ' 

110  a  113  et  115  a  118)  ^u*  ont  it  propagation  d'ondes  de  surface  Euises  par  des  dipoles  places  dens 

dea  forages  ;  et  de  A.W.  GUY  et  G.  r/ASSERJIAN  f9®'  99  '  10"‘  ®  qui  ont  particuliSreaent  Etudie  les  • 
seaux  d'antennes,  L’article  de  AMES,  FRAZIER  et  aontient  de  nonbreuaes  references.  J,  GA'  Z120^ 

a  etudie  le  rayonneuent  en  haute  frequence  (la  160  KHz)  c. ’antennes  enterrees  d  faible  profondeur.  Enfin 
5,£0PER3ERG^12*'  *22^  a  bord  d’une  "soucoupe  plongeante"  du  type  developpe  pair  le  Consandant  COUSTEAU  a 
mesure  dans  la  mer  l'intensite  des  ondes  electronagnetiques  naturelles  jusqu'a  300  a  de  profondeur. 


Par  mi  les  travaux  effectues  en  ITALIE,  nous  citerons  ceux  de  E.  COKTl ,  G. 
concernant  dee  essais  d'antennes  spheroldales’  . 


rmCESCHETn  et  G.  lATMIRAi 


Erfiu  il  t*st  interesMi.it  de  con<»>te.-  que  la  propagation  des  ondes  electronagnetiques  &  travers  le  sol 
et  a  travers  la  oer  commence  a  avoir  des  Applications  civile;.  import antes,  Notaaaaent  dans  les  techniques  de 
forage^89  “  *2^,  pour  Is  telecor-  ide  des  vannes  de  puits  de  pfclrole  sous-marins  et  -:oac  t el ecoiaouni ca¬ 
tions  de  survie  dans  les  mines '2'*\ 


Hi  FRANCE  les  etudes  de  propagation  ent  donne  naissance  a  des  stethodes  d' analyse  des  gisements  de  pE- 
trole^127,  et  a  des  procedes  dt  detection  des  cavites  souterraines  utilises  en  gEnie  civil  (ref.  (128)  a 
(131)). 

Lee  tra'iux  theoriquea  sont  egalenent  tres  ncabreux.  Nous  les  avons  classes  dans  plusieurs  rubriques  : 
D'abord  ncus  donnons  la  liste  des  livres  aux quels  les  auteurs  se  referent  le  plus  souvent  ou  dans  les quels 
des  chapttres  sont  consacres  au  probleoe  du  rayonnement  electromagnesique  dans  les  milieux  absorbants 
(REf.  (132)  a  (l6l)).  Enauite  nous  passons  en  revue  les  publications  consacrEes  au  rayonnement  des  antsnnes 
place es  e,u  eein  d'un  milieu  conducteur  suppose  boaogine  et  infini  et  L  Is  propagation  des  ondes  Electroma- 
gnEtiq'.es  dant-  ces  milieux  (REf.  (162)  a  (200)). 

(162  163) 

Ces  Etuoes  dEbu+ent  en  19U7  avec  les  publications  de  TAV  ’  31  qui  a  etudiE  le  rayonnement  du  di- 

p8le  Elementaire  au  aein  d'un  milieu  conducteur  bomogine  et  infini.  II  a  le  premier  montrn  la  necessitE  de 
placer  le  dipfilc  A  1'intErieur  d'une  sphere  jsolsnte  pour  peuvoir  calculer  son  impedance  d'entrSe.  >-e  rcodS- 
le  thEorique  le  plus  simple  Etant  alors  1'antenne  biconieue  de  faible  ouverture.  Puis  «s  1952  WAIT^'7^ 
ealcule  la  puissance  rayonnEe  par  un  dipole  magnEtique  placE  au  c  *e  d'une  sphere  isolanv?  en'ouree  d'un 
milieu  conducteur  infini,  Apparaissent  ensuite  d*ns  la  littEratore  les  travaux  de  KING^178'  qui  Etudie 
encore  le  dipSle,  puis  HARRISON,  GOOCH,  UU ,  VESCHAMPS^^2 '  entreprennent  l’Etude  d’anU  ices  dont 

les  dimensions  ne  sont  plus  petites  vis-a-vis  de  la  lorguiur  d'onde.  Les  t-oucles  circv’aires  nues  et  *?o- 
lEes  sont  1'objet  de  nombreuses  Etudes  de  la  part  de  WAIT^^'  1 ,  puis  de  UU,  CHEN,  1JZUXA,  KRAlChHAN, 
KING,  HARRISON  et  TINGLEY  (REf. (l77)a(l8L^  (I89),  (190),  (193),  (198)HGAIEJS<192)  s'interesoe  plus  particu- 
lierement  mu  fonctionnement  en  haute  frequence.  Enfin  les  antennes  de  forme  spherofdale  sont  etudiees  par 
WAIld68'  197)  et  par  CORTI,  PRANCESCHETU  et  LATMIRAL  en  ITALIEd"5.  En  FRANCE  il  faut  citer  le*  publica¬ 
tions  de  8lACHIERd96)  (ur  ^  antennes  de  rEception  et  de  GASItLARpd®5)  ^  ^  15^3  centre  content  les 
variations  avec  la  frequence  de  la  conductivite  et  de  -a  constante  dielectrique  du  milieu  absorbent  vent 
influer  sur  la  penEtration  des  ondes  qui  s'y  propagent,  Le  papier  de  GURROLIS^9^  ^  est  consacre  a  la  propa- 
gat.ir.  -n  rill  _  ubsarbar'  d on  planes  decomposed;  de  tj-pc  'ft-!  et  ?E. 

Puis  .ious  abordons  les  trayaux  consacres  a  1' etude  plus  delicate  de  la  propagation  des  ondes  d*  nr.  les 
sdlieux  inhomogenes.  Sous  trouvono  d'abord  en  1902  le  travail  de  LEVI-CIVITA^22^  sur  le  rayonnement  d'un 
fil  de  longueur  infinie  pose  sur  un  plan  conducteur  arbitrsirement  grand,  puis  en  1909  Is  publication  his- 
torique  de  SOWER  Ft  IP'  '  qui  le  premier  a  indique  la  methode  corrects  de  rEsolution  du  probleme  du  rayon- 
nement  d'un  dipCle  vertical  place  a  la  surface  du  sol.  Ce  proMtca,  qui  a  ete  obscurci  par  une  erreur  de 
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tifci't  dsn*  le  colcul  initial  de  SCMF.KFELV,  a  itE  etudie  par  d'nutree  ruteura  (REf.  @03)  •  (212)),  UEVL  an 
partial  ier^203^,  et  a  re{u  une  solution  Claire  at  definitive  de  la  part  da  NORTON  (Ref.  (206)  a  (209)). 

I*  phinoaSn#  de  1' induction  mutuelle  er.tr  a  dee  ctbla#  telSphoniques  poc£*  aur  la  aol  ou  auapendua  ? 
faible  hauteur,  devait  auaciter  dan*  lea  laborAtoirea  dea  8 tU  Sytten  lee  travaux  dc  CAMPBElJ2'1'3^  ; 
CARS0Hl21i»  m)  i  FOSTER*216'  a8)  ;  RICRPAN  at  SUN0£(217).  Noua  avont  classe  avac  ce*  Etude*  qui  ae  aont 
dEroulEea  de  1930  4  19^0  lea  tr*  ■  iux  plua  recent*  de  «iUT  et  ttlRSS  conaacrE*  au  collage  de  dipSlfe*  oagce- 
tiquaa  placEs  au-de#sus  du  aol  cu  4.o#En  A  *.\  surface  (KEf.  (220)  &  (221)).  Caa  travaux  avaiant  pour  activa¬ 
tion  1’ Etude  de  procEdEs  de  proapecti  >n  g£cphy*ique . 

la  rubrique  suivante  de  notra  bibliographic  act  conaacrE*  aux  Ct'idea  dee  dipSlea  et  antennae  electri- 
ques  et  aagnEtiquea  placEe#  au-deaaua  du  aol  xREf.  (22$)  *  (256)}.  L'intferJt  dea  auteura  eat  l'etude  de 
1* influence  d'une  Event uelle  atratification  du  aol  aur  le  rayonneaent  atnoaphEr *".*r  de  cea  aourcea.  Cette 
aErie  de  publicationa  dEbute  en  1916  avec  cell*  de  WOEF*22^ ,  et  on  >  renarqu*  particuliereaeat  I  'i.'jpor- 
tante  contribution  de  J.P.  UAIT. 

Le*  10  derniArea  rEfErence*  da  cette  rubrique  aont  dee  ccaamnicationa  preaentEe*  1  la  ConfErence 
" Environ* ental  effect*  oc  antennae  perforaances"  tenue  A  BOULDHS  (Colo redo)  en  juillat  1969.  EU.es  trui- 
tunt  aurtout  du  problAne  du  calcul  de  1'iapEdance  it  du  rayrnnaaient  d'antenne*  ou  de  syatAnes  d'antcnce* 
V.L.P. 


Roua  abordona  enfin  lea  publications  conaacrEee  4  l'analya.  du  fonctionneaiect  de*  antcnnes  aubaergEee 
ou  enterrEea  dana  un  deai-oilieu  conducteur.  Cette  aErie  4' Etudes  a  iEbutE  en  1951  par  In  travail  de 
MOORE*258*,  puia  en  1953  on  trouve  le*  contribution-  de  LIEN*255*,  pui*  de  WAIT  et  CAMP8ELL*260'  26l), 
n  faut  encore  citer  lea  papiera  de  :  WHEELER*257'  266 *  269  •  272 ‘  ;  de  KING*276*  ;  de  HOOKE  et 

8UIR*278*  ;  d ‘ANDERSON*279*  -  de  SANNI STER*292'  29'4»  W)  ;  rt  en  FRAHCE  ceux  de  ROBIN  etPOlNCElOT 
(2T1.  295)  rt  d,  eKJutfpteS). 

/  2Q1> 

&  1966  le  livre  de  BANOS*  1  faisait  le  point  aur  le  probl?  *e  du  rayooneaent  d'un  dipdlc  en  prEaence 
d'un  deai-oilimi  conducteur. 

Enfin  dan*  lea  publication*  de  KEEKS  et  FENWICK* £fl0»  2835  }  S1VAPKASAV  et  KING*286'  ;  GWSE*288*  j 
Ouy  et  KASSEK.’TAN*287’  105 '  ‘°“*  et  GALEJS*290*  ,  on  aborde  1' Etude  du  fonctionn«ent  en  haute  frequence 
dea  antennea  imergEes  ou  enterrEea  et  on  abandonee  lea  antenae*  siaple*  pour  a'intEreaaar  aux  rEaeaux  de 
dipole*  rEaonnanta  enfouii  4  faible  profondeur  dana  le  aol  ou  dana  In  mar. 

La  rubrique  auivnnt*  da  notre  bibliographie  eat  conaae ':Ea  aux  Ay* tinea  da  tElEcoaamnicationa  entre 
tarminaux  aubaergE*  ou  aouterrains.  Sous  abordona  ici  la*  application*  da  toua  lea  travaux  thEorique*  et 
expEriaentrux  conaacrE*  A  la  propagation  radioElectriqu*  dana  loa  nilieux  aba or bant a.  Houa  trouve js  d'abord 
en  1951  la  publication  fondaaentale  de  MOORE*  ^2>  conatituait  aa  thEac  de  Doc  tor  at  consucrEt  >ut  comu* 
nicationa  Radio  entre  a^ua-Barin.-  ImergEs,  puia  en  i960  la  travail  de  GHOSE*303*  eat  conaacrE  &  l'Eauaaion 
VU  i  longue  distance  A  psrtir  d'une  anvenae  horiaontole  placSt  dana  un*  atatioc  aouterraina. 

La  poc libilitE  de  tii«r  partie  de  la  rEaiatiritE  probableaent  trea  ElevEa  da*  rochaa  du  aoclG  cria- 
poar  j  j-falieer  de*  tEleconuunicatio' t  A  l'Echell#  aondiala  a  fait  I'objet  de  noabrtu»*s  isveatiga- 
tiona  de  la  part  principaleaant  dc  WHEE(JR(3°i*>  ;  KAR M0N(3O5)  ;  BU»'R0WS( 307»  a0)  t  WAI 323 •  32lt' 

325)  j  MOTT  «t  8IG0S{312). 

Pluaieura  pspiora  aur  ce  su,‘<-t  (Ref,  (318)  «.  (322))ont  etc  prcaentE#  an  *9(5  A  la  ConfErence  de 
l’A.O.A.R.D.  conaacrE v  aux  "Sub-.'Jurfac#  coanmnifiation*". 

Lea  travaux  da  AMES,  it  BETTENCOURT  et  TSAO,  FRAZIER  et  ORANGE^311*^  <3c€-  ^  -uo)  4  'u8,)aont  con- 
aacrEa  A  la  propagation  da  ox  dea  couch**  aEdinentairea  aoina  profondaa,  an  tirant  parti*  du  contrast*  de 
conductivitE  entre  une  couche  rEaistast*  et  dea  Epontaa  condustricas.  C'aat  c*  auj«t  qua  trait eat  Egalaaect 
lea  publication#  d*  «IGGK(313)  ,-t  da  GA8UURP  et  t()UAGE(326'  331»  ?3k). 

Lea  publicationa  da  DURRANI^3®8’  at  80UIX^a7^  aont  A  nou.e«u  oriaatSa#  ver*  las  tElEcoaanmico- 
-  **«  l«a  a  ou*  Hear  in*  iaaarg  it.  Enfia  HAllEl^3^'  trait*  du  cat*  oi  l'miaaios  daatiuE*  au  aoua- 

aarin  provient  non  plua  d'un*  station  VLT  aituEw  en  aurfaca,  Mis  d'un  *».t#llite  da  t El Eccasuni cation 


4-5 


evoluaut  4  trcs 
33E»  333 4  335) 


haul*  «ilit>jdc.  Eafin  le»  publications  du  GA3ILLARP,  fQMTAlHE  et  OEGMyiE* 327  •  328 *  33°- 
traitent  tie  i'opiisiaation  des  liaiaona  VLF  obtenues  a  partir  d'une  station  emettrics 


•out  err  ante. 


Houi  cbordona  ecfin  la  pnrtie  de  la  littfrature  consacrie  aux  propr.-itea  Sl*-ctrooagnttiques  de  la 
ner  et  dea  rochet  et  aux  method as  de  meaure  de  3ft  conduct:  vit6  en  sy-far-  «t  en  profo'**,»ur,  La  li-te  a-— 

/  <■,  \/  v 

auteure  coeunence  en  192L  n7*c  ^RAN’ER' et  no'i-i  trouvona  A  partir  uc  1953  lea  publications  nur  la  ne- 
tbode  aagnSto-tellurique  de  aeaure  de  la  rfcaiativite  >'c*  couches  profondes,  pr'.iicipalenent  lea  travaux  dc 
CAGNIAR?^3**^'  et  d*  MAIT^3**1',  En  3963-#*.  nous  trauvon*  lea  trc.vet.ut  de  KiLLEi^33^  consacrea  a  1' evalua¬ 
tion  dea  propri£tiis  Slectri^uea  dea  couchea  profoniics,  cl  .Ve<  meiurei  de  de.  E£T7C,,C*')URT  et  FRAZIER^ 3^  ; 
UVT HELL  6l  W ELSON^^Z)  „t  fv.Ue#  ae  TSAf(3”*  35!**  355^,  Ent'iu  en  1966  a  U  Confers;. •<  rte  l’A.G.A.R.D, 
on  note  l-  cetamnicatiot*  A  c«  aujer.  (R6f.  i  35b)  a  (359)). 

Lc  ruLritue  eui vante  de  ootre  bibliocraphie  eat  consacrSe  a  l’ftude  de  la  propagotion  dans  lea  mi¬ 
lieux  a!.  obtuse  .  ,'-.ndea  electromagnet  ique>:  d>.  caractere  inpuleif,  On  y  reaorque  surtout  lea  contribu¬ 
tions  de  WATT  (17  publicationa)  et  de  Btf  ATTACH  ARYVA^  372t  37 '  *  3®2' ,  Rappel  ona  auaai  dana  ce  danaine  lea 
trav'.'ix  experimental!*  de  GA8ILLARP  it  tARCHAWT  (RCf,  (01)  a  (B1''.  En"in  nous  c  liens  'j’l'lquca  travaux 
conaacrEa  A  la  propagation  dea  ondea  iana  le  guiu»  Lcrrc-  irwytiFre  (Re!.  ( 1  a  (I*l2)i 

La  derniere  partie  de  notre  bu.u.lcj~ftt)tue  rtotii:;  ’-•:«*  reference*  aur  le  bruxe  Xs  stride 
V,L,F.  (Publication  de  MAXWELL  (Ref.  ( UlL ) )  ;  «ur  1  “Oj.tir* “.atic-n  de  I'inclintiaon  d’un  dipole  olace  dana 
ui.e  couclie  peu  ibaorbante  aurmontant  un  milieu  conducteur  (travaux  ae  ;A‘7".  BIGGS  ct  WAIT  tRef,  (415)  a 
(1*21))  j  aur  l'influence  du  ralief  et  aur  le  precede  de  a  isolation  nur  rxieles  de  la  prep.  ->.tion  elec- 
trcmagr.Etique  dans  lea  milieux  abaorbants. 
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I. t.  T/uuhuu  it  SCHUMBtStCSK  tt  STEFMZSCU  veto  1930 

6.  S.  STEFABEBCU  Sur  la  diiitribction  electrique  potenticlle  autour  d'une  prise  de  terre 

R.M.  SCHUUMBERGSt  ponctuelle  dsns  un  terrain  a  couches  hsrizontales ,  homogenes  et  isotropes 

J.  Phys.  Radiua,  Vox  1,  p.  132-110,  1930 

?,  3.  STEFAIESCU  Etudes  th£ori<jues  sur  la  prospection  6lectrique  du  sous-eol 

I.  S6rie,  Inst it ut  G£ologique  de  Rouoanie 

8.  3.  3TZPAHE3CU  Etudes  thioriques  sur  la  prospection  6lcctrique  du  tout-tol 

C  et.  H.  SCHLUMBZRGER  II.  S6rie,  Inst  it  ut  G6ologique  de  Rouoanie,  1932 

9.  S.  STEWUSESCU  Sur  les  deformations  d'un  cheap  electromagnetique  inductif  provoquee*  par  un 

sous -sol  i  stratification  horizontale. 

Bull.  Soc.  Rot*,  de  Phys.,  Vol.  36,  p.  63-61,  169-179,  1931 

10.  3.  ST07UIESCU  Sur  la  assure  des  r£sistivites  apperentes  par  la  metbode  de  la  spire 

eireulaire 

Beitr.  angew.  Ceophys.,  Vol. 5,  n°  2,  182-192,  1935 

II.  S.  STEFAEESCU  .x’  les  fondenents  thSoriques  de  la  prospection  63ectr&iM>gnet;\ue  p&i  , our  ant 

alternatif  I  tree  basse  frequence 

Beitr.  xx3<tw.  Ceophys,,  Vol.  o,  r.”2,  p.  ’.66-201,  ly jo 

12.  3.  STEFAIESCU  Th6orie  du  plan  conducteur  pour  l’feaetteur  ail -.r  nut  if  de  longueur  finie 

Beitr.  angew,  Ceophys,,  Vol,  it,  p,  .165-136,  l„*3l 

1.7.  PKocldti  it  ptotptcUon  Utcbumagnl&LQuc  c£ve/opp£i  en&t  1930  et  la.  vecon~?  quwii  mivlLalt 

I.S.3.  Vtoc&itk  it  pteiptctLZn  c*:  cc&\x«Z  rJltzir.zti1 

13,  A,S,  EVE  Applied  Ccophysicr 

D.  KEYS  Cambridge  University  Press,  London,  1929 

lit,  J,  GR3GSK0PF  Uber  die  Messung  der  Baden  Leit-./ibigkeit 

K,  VOGT  Telegrsphen-Pernsprech  Punk  F-rnseh  Tech.,  Vol.  29,  p.  161,  June  19l0 

15.  A,  PETROVSKY  Uber  die  Anvendung  der  vlektromognetischen  Wellen  zur  Bodenforschung  in  del 

USSR 

Beitr,  angev.  Geophysix,  vol.  a,  t-  1 19-201 ,  1933 

16.  V.  FRITSCH  Detection  of  caverns  in  karst  foraation  ty  radiation-absorption  method 

Beitr.  angev.  Geopbysik.,  vol.  1,  p,  116-1*25 ,  1931 

17.  K.  SUBDBIRG  Principles  of  the  Swedish  geo-exec trie  method* 

Beitr.  angew.  Geophysik,  vol.l,  n®  3,  p.  298,  1931 

18.  K.  SUEDBHtl  Structural  investigations  by  elsctroosgnetic  methods 

8.  HnSTiSM  Proc.  World  Petrol.  Congr. ,  BCD,  p,  107,  ,’.93l 

Vi,  J.C,  KARC3ER  Deep  electrical  prospecting 

E. A.  McDBWOTT  An.  Assoc.  Petrol,  Geol.  Bulletin,  Vol.  19  (I),  p.  61-77,  Jan.  1935 

20.,  LUBDBERG  G  «-electrical  prospecting  methods 

Minim  Msg. (London)  p.2l5-2l8,  Oct.  1930  ;  p.  310-313  Bov.  1930 

21.  C.'i,  FOCKEN  Tiie  sundberg  inductive  method  of  electrical  prospecting 

Colo.  School  Mines  Quart.,  Vol.  33,  p.  225-251,  1937 

22-  H.K.  EVJEX  Utility  of  the  electric  met hod;  in  geophysical  exploration 

Geophysics,  p,  II6-156,  19l5 

L3.  V.B.  LEWIS  Working  depths  for  low  frequency  electrical  prospecting 

Geophysics,  Vol.  X,  (1),  p.  63-75,  1915 

21.  C.W,  H0RT05  On  the  use  of  electrr  .acetic  waves  in  geophysical  prospecting 

Geophysics,  Vol.  11,  p.  505,  1916 
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25.  L.  KEtVIN  Use  of  tht  broadcast  band  in  geologic  mapping 

J.  Appl.  Phys.,  Vol.  18,  p,  Uc7-l»i3»  19b7 

1.3.2.  PtocldU  di  piotptcUon  in  uouJuuvt  lm putiii 


26. 

G.  WHITE 

Application  of  rapid  current  surges  to  electric  transient  prospecting 
AIME  Tech.  Pub,,  1216,  Vol.  b,  Feb.  19b0 

27. 

L.  STATHAH 

Electric  earth  transients  in  geophysical  prospecting 

Geophysics,  Vol,  1,  p.  271-277,  1938 

28. 

P.F.  HAWLEY 

Transients  in  electrical  prospecting 

Geophysics,  Vol.  3,  p.  2b7-257,  July  1938 

29. 

P.W.  KLIFSCH 

Recent  developments  in  eltrsn  prospecting 

Geophyi’cs,  Vol.  b,  p.  283-291,  Oct.  193r 

1.3.3.  PAocldlt  da  pAoiptctlon  en  haxUi  laiquinct 

30. 

W.M,  BARRET 

Exploring  earth  vith  radio  waves 

World  Petrol.,  Vol.  20,  p.  52-53,  Apr.l9*i9 

31. 

W.M.  BARRET 

Salt  mine  tests  prove  earth  penetration  by  radio  waves 

World  Petrol.,  Vol.  20,  p.  82-83,  19b9 

32. 

W.M.  BARRET 

Note  on  the  radio-transmission  demontration  at  Grand  Saline,  Texas 
Geophysics,  Vol.  17,  p.  5bb-5b9,  1952 

33. 

C.A.  HEILAND 

Geophysical  exploration 

Prentice- Kali  Xne.,  Englewood  Cliffs,  N.J. ,  p.  66?,  191*6 

1.4.  dttu/ic  cLUiectt  dti  panmWiti  &£ccOicrui']n&Uquei  da  iol  on  dt  la  min  eX  explfUenc&i  dt  lAoMmluion 
UectAomagnltiquc  f  t/wivu  It  iol  tt  la  met. 
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3b.  L.C. 

1  LG  LEY 

H.B. 

FREEMAN 

D.H. 

ZELLERS 

35.  A.S. 

EVE 

D.A. 

KEYS 

F.W, 

LEE 

36.  A.S, 

EVE- 

D.A. 

KEYS 

F.W. 

LEE 

37.  A.S. 

EVE 

38.  A.R. 

PETROVSKY 

39. 

RATCLIFFE 

f.w.g.  white 

bO. 

J.W. 

JOYCE 

bl. 

R.L. 

SMITH-ROSE 

b2. 

R.l. 

SMITH-ROSE 

b3. 

R.L. 

SMITH-ROSE 

bb. 

j.a. 

HUMMEL 

US. 

S.G. 

BIMALENDU 

S.R. 

KHASTGW 

b6. 

D.  D0B0RZYN3KI 

b7. 

D.  DODCRZYBSKI 

b8. 

D.  DOBORZYNSKI 

b9. 

S.R. 

WSAarOlR 

M.K. 

CHARXRAVARTY 

50. 

S.S. 

BANERJEE 

R.D. 

JOSHI 

51. 

J.L. 

ALBfHT 

Experiment  in  underground  comunication  through  earth  atrata 
Dept,  of  Coaaeree,  &*r,  of  Mines,  Tech.  Paper,  p.  1*33,  1928 


The  penetration  of  rock  by  electromagnetic  vavea  at  audio  frequency 
Proc.  I.P..S.,  Vol.  17,  p.  2072,  Nov.  1929 


Penetration  of  rocka  by  electromagnetic  vavea 
nature,  Vol.  12l»,  n°  3U8,  p.  178-179,  1929 

Abaorption  of  electromagnetic  induction  and  radiation  by  rocks 
Acer.  Inat.  of  Mining  and  Met.  Eng.  Tech.  Pub,,  Vol,  316,  1930  and 
Vol.  97,  p.  160-168,  1932 

B.  SKARIATIH,  A.  SELES NEW.  B.H.  DOSTAVALOV.  I-,  KTJrr»lAWa 

Uber  die  ondometriachen  Arbeiten  dea  Institutes  fur  die  angevandte  Geophyaik 

Arbeiten  dea  J.A.G. ,  p.  1*5-69,  1930  (in  ruasian) 

The  electrical  properties  of  the  aoil  at  radio  frequencies 
Phil.  Mag. ,  Vol.  7,  10,  n°  65,  p.  667-680,  1930 

Electromagnetic  abaorption  by  rocka  vith  some  experimental  observations  taken 

at  Maanoth  Cave  in  Kentucky 

anr.  of  Mines,  Tech,  Paper,  1*97,  1931 

The  electrical  properties  of  sem-vater  for  alternating  currents 
Proc.  Poy.  Soc,,  A,  Vol.  1U3,  r.  135-lbC,  1933 

Electrical  measurements  on  soil  vith  alterative  currents 
J.  Inst.  Elec.  Lngrs,  LONDON,  Vol.  75,  p.  221-237,  193b 

The  electrical  properties  of  soil  at  frequencies  up  to  100  megacycle*  per 
second 

Proc,  Phys.  Soc.,  Vol.  1*7,  p.  923,  1935 

Unterlagen  der  geoelektrischer.  Aufachliessungamethoden 
Beitr.  Ang,  Geophys.,  Vol.  5,  p.32,  1935 

Direct  determination  of  the  electric  constants  of  soil  at  radio-frequency 
Phil.  Mag.,  (7),  Vol.  22,  n°  lb6,  p.  265-273,  1936 

Uber  den  Radioecpfang  in  der  ojcov-HSlen  (in  polish) 

Prreglad,  Radjotechn,,  n°  7-0,  1938 

Experinenteller  Beitrag  zun  Problem  dea  unterirdischen  Hundfunkeapfanges 
Kochfrequenztechn.  u.  E,l*7,  12,  1936 

Uber  d&a  Problem  der  Radiokocmunikation  in  Bergverken  (in  polish) 
Przegladu-Gorni*co-Huntniczego,  1937 

Direct  determination  of  the  eiectr.  constants  of  soil  at  ultra  high  radio 
frequencies  -  Phil,  Mog.,  (7),.  Vol,  25,  p.793,  1930 

Dielectric  constant  and  conductivity  of  soil  at  high  radio  frequencies 
Phil.  Mag.  (7),  Vol.  25,  n°  172,  p.  1025-1033,  1938 

V.V.  MIGL'Li::  and  P.A.  RYASIN 

Investigation  of  the  phase  structure  of  the  electromagnetic  field  arid  the 
velocity  of  radio-waves,  J.  Phys.  U.S.3.R.,  Vol.  b,  r.°l2  ,  p.  li-13,  19b; 
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52. 

D.  SILVDWAN 

D.  SHEFFET 

Note  on  the  transmission  of  radio  wave*  through  the  earth 

Geophysics,  Vol.  7,  p.  bo6-bi3,  19b2 

53. 

B.F.  HOWELL 

Some  effects  of  geologic  structure  on  radio  reception 

Geophysics,  Vol.  8,  p.  165-176,  19bj 

5k. 

E.P.  THOUNSON 

S.J.  RAFF 

The  attenuation  of  plane  electromagnetic  waves  in  sea-water 

U.S.N.O.L. ,  M«o,  n®  8936,  Jan.  19»*7 

55. 

T.L,  WAD LEY 

Underground  comunication  by  radio  in  gold  mines  on  the  witwaterstrand 

South  African  Council  for  Sci.  and  In.  Res.,  Kept.  T.R.L.3.,  Nov,  19b6 

56. 

A.  PETROVSKY 

Der  erste  Versuch  uber  die  Fortpflansung  Hertrscher  Wellen  durch  evig 
gefrorenen  Boden  (in  russian) 

Trudy  Inst.  Merslotovendenija  Imeni,  V.A,  Obrucheva,  3 

57. 

E.W.  EKJSGY 

I.J.  COGOESHALL 

Applicability  of  radio  to  emergency  mine  coeouni cations 

U.S.  Bur.  of  Mines,  Rept.  R.  I.b2  9b,  May  19b8 

58. 

R.I.B.  COOPER 

The  attenuation  of  ultra-high  frequency  electromagnetic  radiation  by  rocks 
Froc,  Phys,  Soc.,  Vol,  6l,  p.  bO-Vf,  p.  b8?-b83,  19b8 

59. 

O.C.  HAYCOCK 

E.C.  MADSEN.  S.S.  HURST 

Propagation  of  electromagnetic  waves  in  the  earth 

Geophysics,  Vol.  lb,  n®  2,  p.  162-171,  Apr.  19b9 

60. 

V.C.  PRITCHETT 

Attenuation  of  radio  frequency  waves  through  the  earth 

Geophysics,  Vol.  17,  n®  2,  p.  193-217,  1952 

61. 

O.A,  BAYS 

Study  of  the  propagation  of  electromagnetic  waves  through  lithologic 
formations.  Quart. Prog,  Rept,,  Signal  Corps  Project,  n°26,  182B,  1952 

62. 

E.W.  nti&v 

Underground  radio  communication  ir  lake  Superior  District  Mines 

Mining  Engng.,  Vol.  5,  p.  518-521,  1953 

63. 

McGStSE  Jr. ?.•'<. 

Propagation  of  radio  frequency  energy  through  the  earth 

Geophysics,  Vol.  19,  n®  3,  p.  b59-b77,  19'b 

1,4.2,  Thmoux  dt  Fk'.TXL 

6b. 

V.  FRITSCH 

Bt'iirog  3m  StudiiK  der  Ausbreitung  elektromagnetischer 
•eMsr  in  unterirdisshen  Hohlraumen 

Hocufrequcextechn,  u.E,  Vol.  J9f  n®  b,  p,  136-139,  1932 

65. 

V.  FRITSCH 

Lc.  Bjr  v rwr.ento  delle  cuie  Hertcia&e  attrsverso  i  conduttori  gcologici 

Geofislca  pur  a  appl. ,  Vol.  b,  o'  1,  15-37;  19b2 

66. 

V.  FRITSCH 

Beitrigc  kv  Flmkgeologie  VTII,  Ausbreitwngbei-txscher  Wellen  in  geologischen 
Lei tern 

Beitr.  angew.  Ge^Jyeik,  Vol.  U,  r.®  2,  >  163-199,  19bb 

67. 

V.  FRITSCH 

Propagation  of  raJioivequency  electromagnetic  i'ioi  da  in  gvrlogical  conductors 
Rat.  Bur.  Stands.  J,  Re*.,  Vol.  67D,  nc  c,  p.  161-178,  19i>3 

1.4.3.  Tuaxtaux  txpfjUmt/Uaux  ixanyiU  poitVuw.'u:  - 

68. 

R.  DEBBRAHDES 

G.  HGREL 

Proapection  61  ec t r omagn6 t  i  qtw .  Etude  experimental®  1959 

Rapport  I.P.P.,  n®  3983,  1S5C 

69. 

R.  GABILLARD 

R.  DESBR ANDES,  Y.  HORINEAD 

Proapecticn  felectromagnfctique,  Etude  v?  la  propagation  des  codes  clectrooa^-  7- 
tiques  dans  le  sol.  Rapport  I.F.P, ,  n°  o9b5,  1961 

70. 

R.  DESBRAIDES 

Proapection  electrcoagnetique.  Mdse  au  p'.-'-v.  »u  ltr  J\i.v,  196c 

Report  I.F.P. ,  i.c  7061,  1962 

71. 

R.  GABILLARD 

Resu-tats  et  interpretation  des  experiences  de  >r<-.-psgaticn  d'ccdae  61  metre©** 
guftiquos  effectives  a  TRIED  en  Mai  et  Juin  196*>.  happort  I.F.P.,  »  1U17,156L 

72. 

R.  CABILLARD 

Rapport,  triaestriel  d'activite.  Contrat  D.R.M.E.  19- -6‘* 

Rapport.  I.F.P.,  n°  11650,  1965 

73. 

R.  GABILLARD 

M6thodc,  de  secure  de  la  vitesse  de  propagation  des  ond*"  e'I«.-:tro>aagnetiqi.«s 
dans  le  sol  et  appareillagp  pour  s*  mise  en  oeuvre 

Brevet  I.F.F.,  n®  10593,  1965 

7b. 

J.P.  EUKJS 

Dtude  et  realisation  d*un  appareillage  perxettant  la  mesure  de  la  vitesse  de 
propagation  d’me  onae  electromagnSlique  dans  le  sol, 

ThSae  C.S.A.H.,  LILLE,  1965 

75. 

J.  FONTAINE 

Contribution  A  1 'etude  thforique  et  experimentale  de  la  vitesae  de  propagation 
des  ondes  electromagnfrtiques  dans  le  sol.  These  3eme  Cycle,  LILLE,  1966 

76. 

R.  GABILLARD 

Mesure  directe  de  la  vitesse  de  propagation  de*  ondes  electrosagnetiqucs  en 
milieu  geologique 

Semaine  d’6tudes  du  CETHSDEC  (VAIS-les-BAIfiS  -  28  jum  -  3  juillet  1965) 

Public  dan*  la  Revue  du  CLTHiDEC,  r.®  8,  p.  119-lb5,  Leae  tr.  1966 

77. 

R.  GABILLARD 

Cocseuni cat  ions  a  travers  le  sol 

AGARD  Conf.  Proc.  n®  20,  Sub-surface  Coma  Jiications ,  p,  355-386,  1966 

78. 

R.  GABILLARD 

Cospte  rendu  succini,  des  experiences  de  propagation  d'ondes  electromagnetiquei- 
effectuees  dsns  la  fosse  de  Vieux  Conde  des  Houilleres  du  i'ord-  Pas-de-Calsis 
(8p.)  Contrat  D.R.M.E,  n®196-6b  -  Rapport  l.R.E.L  66-002  Marc  ‘.966 

79.  R.  GABILLARD 


Experiences  de  propagation  d'cndei  electrcmagnetiquc*  effect.*****  z-tt  -=  **** 
tuu  de  Vaucluse. 

Contrat  D.R.M.E.  n°  196-61*  -  Rapport  I.R.E.L,  66,ool*  -  Avr.  1966  '  jgr?- 


80.  R.  GABILLARD 

81.  R,  GABILLARD 

82.  R.  GABILLARD 

83.  R.  GABILLARD 
J.  MARCHANT 

81*.  J.  MAR  CHAW 

85.  R.  GABILLARD 

86.  R.  GABILLARD 

87.  R.  GABILLARD 
J.P.  D’JBUS 

88.  R.  GABILLARD 

89.  Ch.  CLARISSE 

90.  K.  GUTTON 


R,  DES BRAND E5 ,  F,  LOUAGE  and  J.  FOWAIHE 

Bcperimental  and  theoretical  study  of  electromagnetic  propagation  m  * 
geological  vayeguide 

I. E.E.  Conf.  on  MF,  LF  and  VLF  Radio  Propagation,  LONDON, 

Nov,  1967,  Conf.  Publ.  n°  36,  p.  320-325 

J.  MARCHANT  and  R.  DESBRAHDES 

Experimental  and  theoretical  study  of  the  propagation  of  electromagnetic 
pulae*  of  short  duration  through  the  earth  I.E.E.  Conf,  on  MF,  LF  and  VLF 
Radio  Propagation,  LONDOII,  Nov.  1967,  Conf.  Publ.  n°  36,  p.  326-330 

Conpte-rendu  succint  dea  experience*  de  propagation  d 'impulsions  electrons— 
gcStiques  effectuees  dan*  la  foiiae  de  Vieux-Conde  des  Houillcre*  du  Hord 
Pa*-d e-Calais  Contrat  D.R.M.E,  n°  201-65  -  Rr.pport  I.fl.E.L.  67-102, 

F«v.  1967,  6  p. 

Etude  exp6rinentale  et  theorique  de  la  propagation  d'une  impulsion  electro- 
magn6tique  breve  dans  le  sol 

Contrat  D.R.M.E.  n°  201-65,  Rapport  I.R.E.L.  67-107,  Juin  1967,  2l*p. 

Etude  experimentale  et  theorique  de  la  propagation  d'une  inpula ion  eleetro- 
oagnetique  breve  dons  le  (ol.  These  Docteur-Ingenieur ,  LILLE,  Juillet  1967 

Demonstration  de  transmission  d'ordres  par  ondes  electronagnctiques  se  pro¬ 
pageant  &  travers  le  sol  -  TAVHMIY  -  11  sura  1967  -  Contrat  D.R.M.E, 
n°  173-66.  Rapport  I.R.E.L.  67-101*,  Kars  1967,  k  p. 

Demonstration  de  teleconaunication  telex  par  ondes  electrccagnetiques  se  pro¬ 
pageant  a  travers  le  sol.TAVERKY  -  Octobre  1967  -  Contrat  D.R.M.E. 
n°  173-66.  Rapport  I.R.E.L.  67-Ul,  Oct.  1967,  7  p. 

Methode  de  repfersge  et  de  telSccemsunications  de  survie  ou  *e  service  pour 
mineurs  et  speleologues  et  apporeilloge  pour  sa  Rise  en  oeuvre 
Brevet  franjais  n°  1.553.k55,  FV  n°  139. 061,  Fev.  1968 

Etude  de  la  transnission  des  ondes  electromagnet iques  entre  terminaux  sou- 
terrains  -  Contrat  D.R.M.E.  n°  173  -  66. 

Rapport  I.R.E.L.  69-OOI,  Janv.  1969,  52  p. 

Conception  et  realisation  pratique  d'un  systene  de  tear  mission  d'informations 
2  travers  le  col.  Application  aux  tc3 vr.csures  p«'tr<.  *  .  ec 

These  Docteur-Irgcnieur ,  LILIiE,  Juillet  1969 

Propagation  des  frequences  tres  basses.  Corqjtc- ■.  d'experiences  de  trans¬ 
mission  a  1*0  Hz.  AGARD  -  Conf.  Proc.  n°  20  SuV-curface  communications , 
p.  k09-k2k ,  1966. 
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91. 

E.J.  KIRKSCETHER 

92. 

R.N.  GHOSE 

93. 

R.K.  GHOSE 

9k. 

G.S,  SARAH 

G.  HELD 

95. 

M.B.  KRAICHKAH 

96. 

T.C.  LARTER 

97. 

G.J.  HARMON 

s'O. 

A.V.  GUI 

99. 

a,w.  cur 

G.  HASSERJIAK 

100. 

K.  IIZUKA 

R.W.P.  KI KG 

101. 

J.T.  de  BETTENCOURT 
R.A,  SUTCLIFFE  . 

102. 

J.T.  de  BETTENCOURT 

> 

! 


Ground  constant  measurements  using  a  section  of  balanced  tvo-vire  transmission 
line 

I. P..E.  Trans,  cn  Ant.  end  Prop,,  Vol.  AP-3,  p. 307-312,  May  i960 

The  radiator  to  medium  coupling  in  an  underground  comunication  system 
Proc.  Natl.  Elec.  Conf.,  p.  279-282,  i960 

The  long  range  sub-surface  communication  system 
Proc.  Vlth  IRE  Natl.  Coes  us.  Symp,,  p,  110-120,  I960 

Field  strenght  measurement*  in  fresh  water 

J.  Re*.  KBS,  Vol.  6kD,  p.  k35-k37.Sep.-Oct.  196c 

Basic  experimental  studies  of  the  magnetic  field  free  electromagnetic  sources 
iasersed  in  a  semi-infinite  conducting  medium 
J.  Res.  BBS,  Vol.  61*0,  p.21-25,  Jan. Feb.  I960 

M.E,  L0UAPREr  A.P.  STOGRIK 

Laboratory  simulation  of  VLF  Propagation  and  underground  antenna  performance 
1961  IRE  WESCON  Convention,  Lo*  Angeles,  Calif.,  paper  31/1,  Aug.  1961 

Radio  vave  propagation  through  the  earth's  rock  strata-*  new  nediuc  of  com¬ 
munication  -  IRE  Clobecom  Convention  Record,  p,  3I-3I*,  1961 

Experiaental  data  on  buried  antennas 

Boeing  Aircraft  Co,  Seattle,  Wash.  Preliminary  Rept,,  D2-11190 
Design  criteria  for  buried  antennas 

Boeing  Aircraft  Co,  Seattle,  Wash,,  . relimintry  Kept,,  32-7760,  Janv.  1961 

Apparatus  for  the  study  of  the  properties  of  antennas  in  a  conducting  sediies 
Cruft  Lab.,  Harvard  U. ,  Cambridge,  Mass,  Sci,  Rcpt,  N°  1,  Key  1961 

Studies  in  deep  strata  communication  -  Communications  and  data  processing 
operation.  The  Raytheon  Co,  Norwood,  Moss.,  Contrat  r.°  A/19  (6ok}-8359, 

Oct.  1962  (Final  rept.  for  U.S,  Air  force  Cambridge  P.cs.  Lab.) 

Resistivity  investigation  on  Cape  Cod 

Geoscience  Inc,,  Natick,  Mass,  U.S.  Air  Force  Rept.  OAF  13-26,  Aug.  1962 
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103.  K.  IIZUKA 

10U.  K.  IIZUKA 

R.W.-\  KING 

105.  A.W.  GUY 

G.  HASSERJIAN 

106.  A.W.  GUY 

G.  HASSERJIAN 

107.  G.  HASSERJIAN 
A.W.  GUY 

108.  W.E.  BLAIR 

109.  K.  IIZUKA 


110.  J.  CAROLAN 

J.T.  de  BETTENCOURT 

111.  J.T.  de  BETTENCOURT 
J.W.  FRAZIER 


112.  C.K.H.  TSAO 

J.T.  de  BETTENCOURT 


U3.  C.K.H.  TSAO 


ill*.  AMES  L.A. 


115.  C.K.H.  TSAO 

J.T.  de  BETTENCOURT 

116.  J.T.  de  BETTENCOURT 


117.  C.K.H.  TSAO 

J.T.  de  BETTENCOURT 

118.  C.K.H.  TSAO 

J.T.  de  BETTENCOURT 


119.  R.M.  WUNDT 


120.  J.  GALEJS 


la.  E.  SODERBERG 


122.  E.  SO)JFHi*£RC 


An  experimental  study  of  the  insulated  dipole  antenna  immersed  in  a  conducting 
medium.  Gordon  Mckay  Lab.  Sci.  Rept.3,  HARVARD  UNIVERSITY,  1962 

An  experimental  study  of  the  half-wave  dipole  antenna  immersed  in  a  strati¬ 
fied  conducting  medium 

IRE  Trans,  Antenna  Prop.,  Vol.  AP-10,  p,  393-399,  1962 

Design  criteria  for  buried  antennas 
Boeing  Airplane  Co,  Doc.  D2-7760,  1961 

Impedance  properties  of  large  subsurface  antenna  arrays  ,I,E,E.E,  Trans. 
Antennas  Propag,,  Vol.  AP-11,  p.  232-210  May  1963 

Low-frequency  subsurface  antennas 

I.E.E.E.  Trans.  Anten.  Prop.,  Vol.  AP-11,  p.  225-231,  May,  1963 

Experimental  verification  of  dipole  radiation  in  a  conducting  half-space 

I. E.E.E,  Trans.  Anten.  Prop.,  Vol.  AP-11,  n°  3,  p.  269-275,  May  1963 

An  experimental  study  of  the  insulated  dipole  antenna  immersed  in  a  conduc¬ 
ting  medium.  I.E.E.E.  Trans.  Anten.  Prop,,  Vol, AP-11, p. 518-532,  Sept. 1^63 

Radio  waves  in  rock  near  overburden  rock  interface.  I.E.E.E.  Trans.  Anten, 
Prop.,  Vol.  AP-11,  p.  336-338,  May  1963 

Rock  electrical  characteristics  deduced  from  depth  attenuation  rates 

(in  drill  holes),  I.E.E.E.  Trans,  Anten,  Prop.,  Vol.  AP-11,  n°  3,  p. 358-363 

May  1963 

Conductivity  measurements  in  dissipative  media  with  electrically  short  probes 
Sci.  Rept,  n°6',  Raytheon  Co,  Equipment  Div. ,  CADPO,  Contrat  AF19(628)-2362 
Aug.  196k 

Subsurface  radio  transmission  tests  in  Cheyenne  Mountain 
Sci.  Rept,  n°7,  Raytheon  Co,  Equipment  Div,,  CADPO, 

Contrat  AF19(628)-2362,  Feb.  1965 

J. W.  FRAZIER.  A.S,  ORANGE 

Review  of  the  earth  mode  connu..icotion  program  at  Air  Force  Cambridge 
Res.  Lab,  -  Paper  presented  at  NATO,  12th  AGARD  Symp. ,  PARI3-FRANCE  Apr. 1966 

Subsurface  radio  propagation  experiments 

NATO,  12th  AGARD  Symp.,  PARIS,  FRANCE,  Apr.  1966 

Subsurface  communications  Conf,  Proc.  n°  20,  p.  1*71— L90 ,  1966 

Review  of  radio  propagation  below  the  earth's  surface 

Paper  presented  at  URSI  XVth  General  Assembly,  Com. 2,  MUNICH,  GERMANY, 

Sept,  1966 

Measurement  of  phase  constant  for  rock  propagated  signals 
I.E.E.E.  Trans,  on  Comm.  Tech.,  Vol.  COM-15,  n°l«,  Aug.  1967 

Subsurface  radio  communication 

I.E.E.  Conf.  on  MF,  LF  and  VLF  Radio  propagation, 

LONDON,  Nov.  1967,  I.E.E.  Conf.  Publ.  n°  36,  p.  313-319 

Hev  results  on  buried  antenna s  for  use  at  medium  and  high  frequencies 
Northeast  Electron.  Res.  and  Qigng  Meetg  (NHfiM)  BOSTON,  Mass,,  Nov,  196I* 

Impedance  and  radiation  efficiency  of  buried  dipole  type  and  loop  antennas 
AGARD  Conf.  Proc.  n°20,  Sub-surface  Communications,  p. 629-657,  1966 

ELF  Measurements  in  the  sea  off  the  Baja  California  Coast, Paper  presented 
at  U7th  Annual  Meetg,  AGU,  Wash.D.C.,  19-22  Apr.  1966 

Undersea  ELF  measurements  of  the  horizontal  electromagnetic  field  to  depths 
of  300  meters 

AGARD  Conf.  Proc.,  n°  20,  Sub-surface  Comunications ,  1966,  p.  U53-V70 


7,5.  MitiuiAC.&s  i .  t  ptmejnXaJjiu  l£  applications  diveMii 


123.  E.  CORT.. 


12lt.  J.C.  GOSSELIN 

125.  Comittee  on  Mine 
rescue  and  survival 
techniques 

126.  P.  CCRNILLE 

127.  R.  CABILLARD 


128.  R.  GABTLLARD 
J.P,  DUBUS 


0.  FRANCES CHETTI.  G.  LATMIRAL 

Oblate  spheroidal  antennas  for  conducting  media 

URSI  Symp,  on  electromagnetic  waves,  STRESA,  June  1968,  Paper  n°  93, 
session  5 

Transmission  des  paranetres  de  fond  par  ondes  electromagnetiques  guide es  le 
long  du  train  de  tiges.  Rapport  I.F.P.,  n°  17812,  Fev.  1970 

Mine  rescue  and  Survival 

Interim  Rept,  of  the  Committee  on  Mine  Rescue  and  survival  techniques. 
National  Acad,  of  Engog  (2101  Constitution  Avenue,  Wash.D.C.  20*il8)  ,Nov.1969 

Phase  measurements  of  electromagnetic  field  components  .  Conf.  on  Environmen¬ 
tal  effects  on  antenna  performance  ESSA,  BOULDER,  July  1969,  6p. 

F.  LOUAQB  et  R.  DESBRANDES 

Procede  de  prospection  des  terrains  situSs  autour  d'un  forage 
Brevet  franqais  de  l'l.F.P. ,  PV  n°156.220,  Juin  1968 

Procede  de  detection  des  cavit£s  souterraines  et  appareillage  pour  sa  mise  en 
oeuvre.  Brevet  frmiqais  n°l, 510,996,  PV  n°  16795  Nord,  D6c,  1 966 


4-11 


129.  J.P.  DUBUS  Recherche  theorique  et  experimentale  dee  possibilitet  d'adaptation  de  cer- 

taines  mSthodes  de  prospection  electronagnetique  a  la  detection  dee  c twites 
•outerrainee.  These  3eme  Cycle,  LILLE,  Oct,  1968 

130.  R.  GABILLARD  J.P,  DUBUS,  F.  LOUAGE 

Procedfc  61ectromagn6tique  pour  la  detection  dea  carrieres  souterraines. 
Simulation  «ur  une  cuve  electrolytique  HT  Onde  Electrique,  n°  503, 
p.  3-8,  F6v.  1969 

131.  M.  CAUTQMAK  Contribution  a  l'etude  et  a  la  realisation  d'un  appareillage  electronique 

permettant  le  reperage  systemutique  de  eavites  souterraines  a  faible  pro- 
fondeur,  D.E.A. ,  LILLE,  Juillet  1969 

2.  ETUDES  THEOMQUES 

2.1.  tt  wnlAoi  ipicimx  dt  hmuu 

132.  0.  HEAVISIDE  Electrical  papers.  Vol,  I  and  2,  Macmillan.  Co,  LONDON,  ENGLAND,  1892 

133.  0.  HEAVISIDE  Electromagnetic  theory 

Vol. I.,  The  Electrician  Printing  and  Publishing  Co,  LONDON,  ENGLAND,  1693 

13k.  0.  HEAVISIDE  Electromagnetic  theory.  Vols.  2  and  3.,  Ernest  Benn,  Ltd,  England,  1922 

135.  J.C,  MAXWELL  A  treatise  on  electricity  and  magnetism.  Clarendon  Press,  OXFORD,  1893 

138.  N.W,  McLACHLAN  Bessel  functions  for  engineers.  Clarendon  Press.  OXFORD,  193k 

137.  J.A.  STRATTON  Electromagnetic  theory.  McGRAW-HILL  Book  Co  Inc.,  New  York,  N.Y. ,  19kl 

136.  S.A.  SCHELKUNOFF  Electromagnetic  waves.  D,  Van  Hostrand  Co,  Inc,,  19k3 

139.  E.T.  WHITTAKER  A  course  of  modern  analysis,  kth  ed,,  Cambridge  University  Press, 

G. N.  WATSON  LONDON,  19kk 

lko,  G.N.  WATSON  A  treatise  on  the  theory  of  Bessel  functions 

2d  ed, ,  Cambridge  University  Press,  LONDON,  19kk 

lkl.  R.V.  CHURCHILL  Modern  operational  mathematics  in  Engineering 

Tables  of  Laplace  Transforms,  Me  Grav-Hill  Co,  NEW  YORK,  19kk 

lk2,  R.W.P.  KING  Electromagnetic  Engineering 

Me  Grav-Hill  Book  Co,  New  York,  N.Y.,  Vol.  I.,  19k5 

lk3,  E,  JAHNKE  Tables  of  functions 

F.  SIDE  4th  ed,  Dover  Publ, ,  Inc.,  New  York,  19k5 

lkk.  C.A.  H El LAND  Geophysical  exploration,  Prentice  Hall,  Inc.,  Englewood  Cliffs,  N.J. ,  19k6 

lk5.  HARVARD  Univ.  Tables  of  the  generalized  exponential-integral  functions 

Ann.  Ccaputation  Lab.,  Vol.  21,  19k9 

lkG.  E.D.  SUNDS  Earth  conduction  effects  in  transmission  systems 

D.VAN  NOSTRAND  Co,  Inc.  Princeton,  N.J.,  19k9 

lk7.  E.C.  JORDAN  Electromagnetic  waves  and  radiating  systems 

Prentice-Hall,  Inc.,  New  York,  N.Y.,  1950 

lk8.  S.A.  SCHELKUNOFF  Advanced  antenna  theory,  J.  WILEY,  New  York,  1952 

lk9.  S.A.SCHELKUNOFF  Antennas  theory  and  practice 

H. T.  FRIIS  J,  WILEY,  New  York,  1952 

150.  R.W.P,  KING  The  theory  of  linear  antennas.  Harvard  Univ,  Press,  Cambridge,  Mass.,  1956 

151.  L.M.  BRBCHOVSKIKH  Waves  in  layered  media.  Academic  Press,  New  York,  i960 

152.  R.F.  HARRINGTON  Time-Harmonic  electromagnetic  fields.  Me  Grav  Hill  Co,  New  York,  1961 

153.  H.  JASIK  Antenna  Engineering  handbook.  Me  Graw  Hill  Co,  New  York,  1961 

15k,  Y.L,  LUKE  Integrals  of  Bessel  functions.  Me  Grav  Hill  Co,  New  York,  1962 

155.  J.R.  WAIT  Electromagnetic  waves  in  stratified  media,  Pergaaon  Press,  Nev  York,  1962 

156.  J.R.  WAIT  May  1963  issue  of  I.E.E.E,  Trans. .Antennas  Propagation 

Vol.AP-11,  n°3  devoted  to  electromagnetic  waves  in  the  earth 

157.  A.  BANOS  Jr,  Dipole  radiation  in  the  presence  of  a  conducting  half-space 

Pergaaon  Press,  Nev  York  1966 

158.  AGARD  Conf.  Sub-Surface  Comunications 

Selected  papers  from  the  12tb  Symposium  of  tne  Avionics  Panel  of  AGARD 
held  in  PARIS,  FRANCE  on  25-29  April  1966  AGARD  Proc.  n°20,  1966 

159.  M,  BOUIX  Lee  discontinuitesdu  rayonnement  61ectromagn£tique.  DUNOD,  PARIS,  1966 

160.  J,  GALEJS  Antennas  in  inhomogeneous  media.  Pergaaon  Press,  Nev  York,  1968 

161.  R.E.  COLLIN  Antenna  theory 

F.J.  ZUCKER  (ed.)  Vol.  I  and  II,  Me  Graw  Hill  Co,  New  York,  1969 

2.2.  A ntimti  it  pnopaga&Lon  dam  un  miiiiu  conducting  homo  gin  1  et  ini-ini 

1 62.  C.T.  TAX  '  Radiation  of  a  hertzian  dipole'  immersed  in  a  dissipative  medius 

Cruft  Lab,,  Harvard  Univ.,  Caabridge,  Mass.  Rept.  n°TR21,  Oct.  19k7 

163.  C.T.  TAI  On  radiation  and  radiating  systems  in  the  presence  of  a  dissipative  medium 

Cruft  Lab,  Harvard  Univ.,  Cambridge,  Mass.  Rept  n°TR77,  May  19k9 
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161. 

J.R,  WAIT 

Electromagnetic  radiation  in  the  earth  (a  theoretical  investigation) 

Univ.  of  TORONTO,  1-69,  1950 

165. 

J.R.  WAIT 

A  note  on  dipole  radiation  in  a  conducting  medium 

Geophysics,  Vol.  17,  p.  97^*979,  Oct.  1952 

166. 

J.R.  WAIT 

Electromagnetic  fields  of  current-carrying  vires  in  a  conducting  medium 

Can.  J.  Phys.,  Vol.  30,  p.  512-523,  Sept.  1952 

167. 

J.R.  WAIT 

The  magnetic  dipole  antenna  immersed  in  a  conducting  medium 

Proc.  I.R.E.,  Vol.  1*0,  p.  12ll-12l5,  Oct.  1952 

168. 

J.R.  WAIT 

The  receiving  loop  with  a  hollow  prolate  spheroidal  core 

Can.  J.  Tech,,  Vol.  31,  p.  132-139,  June  1953 

169. 

J.E.  STORER 

Impedance  of  thin-vire  loop  antennas 

Trans.  AIEE,  Vol,  75  (Communication  and  Electronics)  p.  606-619,  Nov,  1956 

170. 

S.  ADACHI 

Y.  MUSHIAKE 

Studies  of  large  circular  loop  antennas 

Sci,  Rep,  Res,  Inst.  Tohoku  Univ.  Sfsr.  D  (Elec, Comm.)  Vol.  9,  p.79,  n°2,  1957 

171. 

J.R.  WAIT 

Insulated  loop  antenna  issnersed  in  a  conducting  medium 

J.  Res.  NBS,  Vol.  59,  p.  133-137,  Aug.  1957 

172. 

R.W.P.  KING 

C.W.  HARRISON 

Half-vave  cylindrical  antenna  in  a  dissipati'  e  medium  ;  current  and  impedance 
J.  Res.  NBS,  Vol.  6lD,  p.  365-380,  July-Aug.  i960 

173. 

R.W.P.  KING 

Dipoles  in  dissipative  media 

Cruft  Lab,  Harvard  l/niv,,  Cambridge,  Hass.,  Tech.  Rept.n0  3?.6,  Feb.l,  1961 

17l. 

R.W.P.  KINO 

Dipoles  in  dissipative  media  in  ELECTRO! tAGNETIC  WAVES 

R.E,  LANGER,  Ed.  U,  of  Wisconsin  Press,  Madison,  Vis.,  p,  199-21*1,  1962 

175. 

D.W.  GOOCH 

C.W.  HARRISON.  R.W.P.  KING.T.T.WU 

Impedances  and  admittances  of  long  antennas  in  air  and  in  dissipative  media 
vith  tables  of  the  functions  /l  tip 

Cruft  Lab,  Tech.  Rept,  353,  Harvard  University,  1962 

176. 

G.A.  DESCHAMPS 

Impedance  of  an  antennain  a  conducting  medium 

I. R.E.  Trans.  Antennas  Propagation,  Vol,  AP-10,  p.  61*8-650,  1962 

177. 

T.T.  WU 

Theory  of  thin  circular  loop  antenna 

J.  Math.  Phys.,  Vol,  3,  p.  1301-1301*,  Nov.  Dec.  1962 

178. 

K.  IIZUKA 

R.W.P.  KING 

The  dipole  antenna  isnersed  in  a  homogeneous  conducting  medium 

I. R.E.  Trans,  Antennas  Propagation,  Vol, AP-10,  p.381*-392,  1962 

179. 

M.B.  KRAICHMAN 

Impedance  of  a  circular  loop  in  an  infinite  conducting  medium 

J.Res. Natl. Bur .Std.U.S, Vol. 66D(radio  prop.),  p.  1*9^-503,  1962 

180. 

C.C.  CHEN 

The  small  loop  antenna  immersed  in  a  dissipative  medium 

Cruft  Lab;  Tech.  Rept.,  369,  Harvard  University,  1962 

181. 

S.  CHEN 

C.T.  TAI 

The  input  impedance  of  thin  biconical  antennas  immersed  in  a  dissipative  or 
an  ionized  medium 

Antenna  Lab,  Tech.  Rept.,  1021-11*,  Ohio  State  University,  1962 

182. 

R.W.P.  KING 

Dipoles  in  dissipative  medium 

Syap,  Electromag,  Waves,  U,  of  Wisconsin  Press,  Madison,  Wis,,  p. 199-21*1 ,1962 

183. 

R.W.P.  KING 

K.  IIZUKA 

The  complete  electromagnetic  field  of  a  half-vave  dipole  in  a  dissipative 
medium 

I.E.E.E.  Trans.  Antennas  Propagation,  Vol.  AP-il,  p. 275-285,  May  1963 

181. 

C.L.  CHEN 

R.W.P.  KING 

The  small  bare  loop  antenna  immersed  in  a  dissipative  medium 

I.E.E.E.  Trans.  Antennas  Prop,,  Vol,  AF-11,  p. 266-269,  May  1963 

185, 

R.  GABILURD 

Reflexions  sur  le  problems  de  la  propagation  d'une  onde  electronagnetique  dans 
le  sol. 

Revue  de  l'l.F.P,,  Vol,  18,  n°  9,  p.  1137-1161*,  Sept.  1963 

186. 

R.H.  WILLIAMS 

Charge  density  response  in  a  lossy  medium 

I.E.E.E.  Tirana.  Antennas  Prop.,  Vol.  AP-ll,n°3,  p.372,  May  1963 

187. 

J. R.  WAIT 

K. P.  SPIES 

A  note  on  the  insulated  loop  antenna  inserted  in  a  conducting  medium 

Radio  Sci.  J.  Res.  HBS/USNC-URSI,  Vol.  68D,  n°  11  p,12l*9-1250,  Hov.  196J* 

188. 

J.R.  WAIT 

Electromagnetic  fields  in  lossy  media 

The  U.S.  National  Committee  Rept.  for  Cosnission  6  of  URSI,  Subcossn,  6,3. 
Electromagnetics,  Radio  Sci.J, 

Res.  NBS/USNC-URSI ,  Vol.  68D,  n°l*,  p, 1*63-1*65,  Apr.  1961* 

189. 

R.W.P.  KING 

C.W.  HARRISON.  D.G.  TINGLEY 

The  admittance  of  bare  circular  loop  antennas  in  s  dissipative  medium 

I.E.E.E.  Trans,  on  Antennas  and  Propagation,  Vol.  AP-12,  p. 1*31-1*38,  July  1961 

190. 

K.  IIZUKA 

The  circular  loop  antenna  immersed  in  a  dissipative  medium 

I.E.E.E,  Trans.  Anten,  Prop,,  Vol,  AP-13,  p.l3-l7,  Jan,1965 

191. 

R.  ROW 

Insulated  loop  antenna  in  a  conducting  spherical  shell 

I.E.E.E.  Trans,  Anten, Prop,,  Vol, AP-13, p. 216-210,  March  1965 

192. 

J.  GALEJS 

Admittance  of  insulated  loop  antennas  in  a  dissipative  medium 

I.E.E.E,  Tran*.  Anten, Prop. , Vol. AP-13, p.229-235,  March  1965 
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193.  R.W.P.  KING 

C.W.  HARRISON.  D.G.  TINGLEY 

The  current  in  bore  circular  loop  antennas  in  &  dissipative  medium 

I.E.E.E,  Trans.  Anten, Prop. , Vol. AP-13,  n°i*,  p.529-531,  July  1965 

19b,  C.R,  BURROWS 

Plane  waves  in  dissipative  media 

I.E.E.E,  Trans.  Anten.Prop. ,Vol.AP-13»  n°5,  p.  759-77^,  Sept.  1965 

195.  C.J.  BENNINO 

Impedance  of  a  loop  antenna  in  a  conducting  medium 

I.E.E.E.Trans, Anten.Prop., Vol.AP-li*,  n°2,p.  21*2-21*3,  Starch  1966 

196.  B.  BLACHIER 

Etude  de  la  reception  dans  la  mer  par  dipole  et  antenne  volume trique 
A.G.A.R.D,  Conf.Proc,  ,n°20,  Sub-surface  co.-m unications  p, 621-628,  1966 

197.  J.R.  WAIT 

Theories  of  prolate  spheroidal  antennas 

Radio  Sci.,  Vol.  l(nev  series),  n°l*,  p.  175-512,  Apr. 1966 

198.  K.  IIZUKA 

R.t/.P.  KING.  C.W.  HARRISON 

Self  and  mutual  admittances  of  two  identical  circulur  loop  antennas  in  a 
conducting  medium  and  in  air 

I.E.E.E.  Trans. Anten. Prop.,  Vol.AP-ll,  n°l,  p. 110-150,  July  1966 

199.  E.  COHTI 

G.  FRANCESCHETTI.  G.  LATMIRAL 

Oblate  spheroidal  antennas  for  conducting  media 

URSI  Symp.  on  electromagnetic  waves,  STRESA,  paper  n°93  session  5,  June  1968 

200.  J.R.  WAIT 

Electromagnetic  fields  of  sources  in  lossy  media  in  Antenna  theory 

Ed.  by  R.E.  COLLIN  and  F.J.ZUCKER,  Me  Graw  Hill  Co.  New  York,  1969 

2.3.  Rayonnemeni  dei  antemu  plactm  dam  V  atinoiphlne.  au-dciiui  dc  la  «  ou  d'un  iol  homogine  ou 
itratifil 

2.5.1.  Premilrei  publLcationi  iu> 1  la  propagation  dm  ondrn  radio  au-duAui  d'un  iol  dt  condudivili 

Unit 

201,  T.  LEVI-CIVITA 

Influence  di  un  schemo  conduttorre  sul  campo  elettromagnetic 

R.Acc.Lincie,  Ser.  5A,  Vol,  XI,  p.  163,  191,  228,  1902 

202.  A.  SOt-MERFELD 

Uber  die  Ausbreitung  der  Wellen  in  der  drahtlosen  Telegraphic 

Ann.  Physik,  Vol.  28,  p.  665,  1909 

203.  H.  WEYL 

Ausbreitung  elektromagnctischer  Wellen  fiber  einem  ebenen  Leiter 

Ann.  Physik,  ser.l*,  Vol.  60,  p.  181-500,  1919 

20 1*.  A.  SOMMERFELD 

Uber  die  Ausbreitung  der  Wellen  in  der  drahtlosen  Telegraphic 

Ann.  Physik,  ser.l*,  Vol.8l,  n°17,  p.  1135-1153,  Dec.  1926 

205.  M.J.O.  STRUTT 

Strachlung  von  Antennen  unter  den  Einfluss  der  Erdbodeneigenschaften 

Ann.  Physik.,  Vol.l,  n°l,  p.721-750,  1929 

206,  K.A.  NORTON 

Propagation  of  radio  waves  over  a  plane  earth 

Nature,  Vol.  135,  p.  95l*-955,  June  8,  1935 

207.  K.A.  NORTON 

The  propagation  of  radio  waves  over  the  surface  of  the  earth  and  in  the 
upper  atmosphere 

Pt.I.,  Proc.IRE,  Vol.  24,  p.  1367-1387,  Oct.  1936 

Pr.II. ,  Proc.  IRE,  Vol, 25,  p.  1203-1236,  Sept.  1937 

208,  K.A.  NORTON 

Space  and  surface  waves  in  radio  propagation 

Phys.  Rev.  Vol. 52,  p.  132-133,  July  15,  1937 

209.  K.A.  NORTON 

Physical  reality  of  space  and  surface  waves  in  the  radiation  field  of  radio 
antennas 

Proc.IRE,  Vol. 25,  p.  1192vl202,  Sept.  1937 

210.  C.R.  BURROWS 

The  surface  wave  in  radio  propagation  over  plane  earth 

Proc.  IRE,  Vol.  25,  p.  219-229,  1937 

211.  W.H.  WISE 

The  physical  reality  of  Zenneck's  surface  wave 

Bell  Systm  Tech.  J, ,  Vol.16,  p.35-1*1*,  Jan.  1937 

212.  8.0.  RICE 

Series  for  the  vave  function  of  a  radiating  dipole  at  the  earth's  surface 
Bell  Systan  Tech.  J.,  Vol.16,  p.101-109,  Jan.  1937 

2.3.2.  Couplagt  tmluel  tnViz  dm  cablei  el  dei  bouclei  placli  4  la  iuriace  du  id 

213.  g.a.  CAMFBELL 

Mutual  impedancesof  grounded  circuits 

Bell  System  Tech.  J. ,  Vol. 2.,  p.  1,  1923 

21  It,  J.R.  CARSON 

Wave  propagation  in  overhead  vires  with  ground  return 

Bell  System  Tech.J. ,  Vol, 5,  p.539-551*,  Oct.  1926 

215.  J.R.  CARSON 

Ground  return  impedance  :  underground  vire  with  earth  return 

Bell  System  Tech.J.,  Vol, 8,  p.  9i*-98,  Jan.  1929 

216.  R.M,  FOSTER 

Mutual  impedance  of  grounded  vires  lying  on  the  surface  of  the  earth 

Bell  System  Tech.J,,  Vol. 10,  p,l*08-f*19,  July  1931 

217.  J.  RIORDAN 

E.D.  SUNDE 

Mutual  impedance  of  grounded  waves  for  horizontally  stratified  tvo-layer 
earth 

BeU  System  Tech.  J,,  Vol.12,  p.  162-177,  Apr.  1933 

a8.  R.K.  FOSTBR 

Mutual  impedance  of  grounded  wires  lying  on  or  above  the  surface  of  the 

earth.  Bell  System  Tech.  J.,  Vol.  12,  p.  26W87,  July  1933 
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219. 

8,8.  WEST 

Mutual  iapsdance  of  collineer  grounded  vi re* 

Gsopfcysics,  Vol.  8,  p.  157-161*,  Apr,  19^*3 

220, 

J.R.  WAIT 

Mutual  inductance  of  circuit*  on  a  two  layer  earth 

Can.  J.  Phy*.,  Vol.  30,  p.  1*50-1*52,  Sept.  1952 

221. 

J.R.  WATT 

Mutual  coupling  of  loop*  lying  on  the  ground 

Oeophy*.,  Vol, 19,  p.  290-296,  Apr.  1954 

222. 

J.R.  WAIT 

Mutual  electromagnetic  coupling  of  loop*  over  a  homogeneous  ground 

Geophy*.,  Vol.20,  n°3,  p.  630-637,  July  1955 

223. 

J.R.  WAIT 

Mutual  electromagnetic  coupling  of  loop*  over  a  homogeneous  ground  - 
an  additional  note 

Geophy*.,  Vol.  21,  n°2,  p.  479-484,  Apr.  1956 

224, 

K.  KUR38 

Electromagnetic  coupling  of  horizontal  loops  over  a  stratified  ground 

ESSA  and  Adelphi  U, ,  Garden  City,  N.Y. ,  Conf.  on  environmental  effect* 
on  antenna*  performance*,  BOULDER,  COLORADO,  July  1969 

f.i.l 

1.  R* vjonntmnt  dt  cUpStu  it  antemu  it  magnlttquu  piacli  au-duiui  da  iol 

2?5. 

A.  WOLF 

Electric  field  of  an  oscillating  dipole  on  the  surface  of  a  two-layer 
earth 

Geophysics,  Vol.ll,  p,  518-53**,  Oct.  1946 

226. 

W.B.  LEWIS 

Discussion  on  electric  field  of  an  escillating  dipole  on  the  surface  of 
a  two-layer  earth 

Geophysics,  Vol.  11,  p.  535-537,  Oct.  1946 

227. 

J.R.  WAIT 

The  magnetic  dipole  over  the  horizontally  stratified  earth 

Can.  J.  Phy*.,  Vol.  29,  p.  577-592,  Nov.  1951 

228. 

J.R.  WAIT 

Current-carrying  wire  loop*  in  a  simple  inhomogeneous  region 

J.  appl.  Phy*.,  Voi.23,  p.497-498,  Apr.  1952 

229. 

J.R.  WAIT 

Radiation  resistance  of  a  small  circular  loop  in  the  presence  of  a  conduc¬ 
ting  ground.  J.  appl.  Phy*.,  Vol. 2**,  p.  61*6-61*9,  May  1953 

230. 

J.R.  WAIT 

The  fields  of  a  line  source  of  current  over  a  stratified  conductor 

Appl.  Sci.  Re*.,  Vol.  B3,  p.  279-292,  1953 

231. 

J.R.  WAIT 

Induction  by  a  horizontal  oscillating  magnetic  dipole  over  a  conducting 
homogeneous  earth 

Trans,  amer,  Geophys.  Union,  Vol,  3**,  n°2,  Apr.  1953,  p.  185-188 

232. 

J.R.  WAIT 

Radiation  from  a  vertical,  electric  dipole  over  a  stratified  ground 

IRE  Trans.  Anten  Prop.,  Vol.  AP-1,  p.  9-H,  July  1953 

233. 

J.R.  WAIT 

W.C.G.  FRASER 

Radiation  from  a  vertical  electric  dipole  over  a  stratified  ground 

Part.  II,  IRE  Trans.  Anten.  Prop.,  Vol.  AP-2,  p.l44-l46,  Oct.1951* 

234. 

J.R.  WAIT 

Radiation  from  a  ground  antenna.  Can,  J,  Tech.,  Vol. 32,  p.1-9,  Jon. 1951* 

235. 

R.W.P.  KING 

Antennas  over  a  conducting  region  in  "Theory  of  linear  Antennas" 

Harvard  Univ.  Press,  Cambridge  Mass.,  1956 

236. 

F.  MINAW 

La  resistance  de  rayonnement  d'une  antenne  placee  au-dessus  d'un  plan 
condurteur,  6tudiee  au  point  de  vue  de  la  prospection  geophysique 

C.R.  Acad.  Sci.  fr.,  p.  l603-l605.  1956 

237. 

J.R.  WAIT 

Induction  by  an  oscillating  magnetic  dipole  over  a  two  layer  ground 

Appl.  Sci.  Res.,  Section  B,  Vol. 7,  p. 73-80,  1958 

238. 

L.B.  SLICHTHt 

L.  KNOPOFF 

Field  of  an  alternating  magnetic  dipole  on  the  surface  of  a  layered  earth 
Geophy*.,  Vol.  21*,  p.  77-88,  Feb,  1959 

239. 

J.R.  WAIT 

On  the  impedance  of  long  vire  suspended  over  the  ground 

Proc.  IRE,  Vol.  49,  p.  1576,  Oct.  1961 

240. 

B.K.  BHATTACHARYYA 

Inpat  resistances  of  horizontal  electric  and  vertical  magnetic  dipoles  over 
&  ^omogenfoua  ground 

I.E.E.E.  Trans.  Anten.  Prop,,  Vol.  AP-11,  n°3,  p.  261-2 66,  Kay  1963 

241. 

J.R.  WAIT 

Electromagnetic  fields  of  a  dipole  over  an  anisotropic  half-space 

Can.  J.  Phys.,  Vol. 44,  p,  2367-2401,  1966 

2lt2. 

J.R.  WAIT 

Fields  of  a  horizontal  dipole  over  a  stratified  anisotropic  half-space 
I.E.E.E.  Tran*.  Anten.  Prop.  Vol.AP  -14,  n°6,  p.  790-792,  Ho?.  1966 

243. 

J.R,  WAIT 

G.A.  SCHLAK 

New  asymptotic  solution  for  the  electromagnetic  fields  of  a  dipole  over 
a  stratified  medium 

Electron.  Letters,  Vol,  3,  n°9,  p.  421-422,  Sept,  1967 

24U. 

J.R.  WAIT 

Asymptotic  theory  for  dipole  radiation  in  the  presence  of  a  lossy  slab 
lying  on  a  conducting  half-space 

I.E.E.E,  Trans.  Anten,  FTop.,  Vol.AP-15,  n°3,  p.  645-648,  1967 

245. 

J.R.  WAIT 

Characteristics  of  antennas  over  lossy  earth,  in  Antenna  Theory 
(Ed.  by  R.E,  COLLIN  and  F.J.  ZUCKER),  Me  Craw  Hill  Co,  Hew  York,  1969 

21*6. 

J. R.  WAIT 

K. P.  SPIES 

On  the  image  representation  of  the  quasi  static  fields  of  a  line  current 
source  above  the  ground.  Can.  J,  Phys.,  Vol.  47,  n°23,  p.  2731-2733,1969 
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247. 

W.J.  SURTEES 

The  impedance  of  a  finite  horisontal  antenna  above  ground 

Defence  Research  Board,  Ottawa,  Canada 

248. 

A.N.  SMITH 

E.J.  JACKSON 

Performance  of  valley  spanning  VLF  antennas  baaed  on  electromagnetic 
modelling 

Westinghouse  Electric.  Corp.,  Boulder,  Colo.,  U.S.A. 

249. 

E.W,  SEELEY 

VLF  transmitting  iuiteiuitu>  using  fast  wave  dip<.-Vs 

Naval  Weapons  Center  Corona  Lab.,  Corona,  C*lix\,  U.S.A, 

250. 

D.C.  CHAL-5 

Finite  tubular  antenna  above  a  conducting  half-space 

Univ.  of  Colorado,  Boulder,  U.S.A, 

251. 

R.J.  KINO 

Electromagnetic  propagation  over  a  constant  impedance  plane 

Univ.  of  Wisconsin,  Madison,  U.S.A. 

252. 

R.J.  KING 

On  ths  surface  impedance  concept 

Univ,  of  Wisconsin,  Madison,  U.S.A. 

253. 

D.C.  CHANG 
<T,R.  WAIT 

Near  field  solutions  for  a  vertical  hertxian  dipole  over  a  finitely 
conducting  earth 

Univ.  of  Colorado  and  ESSA,  Boulder,  Colo.,  U.S.A, 

254. 

D.B.  LARGE 

L.  BALL 

Magnetic  field  excited  by  a  long  horisontal  wire  antenna  near  the  earth's 
surface.  Westinghouse  Electric  Corp.,  Boulder,  Colo.,  U.S.A. 

255. 

C.K.H.  TSAO 

Distributed  shunt  admittance  of  horisontal  dipole  over  lossy  ground 

Raytheon  Co,  Norwood,  Mass.,  U.S.A 

256. 

J.R.  WAIT 

Impedance  of  a  hertrian  dipole  over  a  conducting  half-space 

ESSA  Res,  Lab.,  Boulder,  Colo.,  U.S.A. 

1.4. 

Rayorwmint  dti  tuUtnnu  iubmeAglu  oa  tnttMhu  dam  un  iol  homog&r.t  ou  itnaUbil 

257. 

H.A.  WHEELER 

Fundamental  limitations  of  small  antennas 

Proc.IRE,  Vol,  35,  p.  1479-1484,  Die.  1947 

258. 

R.K.  MOOSE 

Antennas  in  conducting  media.  URSI-IRE  Spring  Meet,;,  Wash.  D.C.,  Apr. 17 ,1951 

259. 

R.H.  LIEN 

Radiation  fiom  a  horizontal  dipole  in  a  semi-infinite  dissipative  medium 

J.  appl.  Phys.,  Vol,  24,  p.  1-4,  Janv.  1953 

260. 

J.R.  WAIT 

L.1-.  CAMPBELL 

The  fields  of  an  electric  dipole  in  a  semi-infinite  conducting  medium 

J.  Geophys.  Res.,  Vol.58,  p.21-28,  March  1953 

261. 

J.R.  WAIT 

L.L.  CAMPBELL 

The  fields  of  an  oscillating  magnetic  dipole  immersed  in  a  semi-infinite 
conducting  medium 

J.  Geophys.  Res.,  Vol,58,  p.l67-178,  June  1953 

262, 

J.R.  WAIT 

Th'i  radiation  Yield*  of  s  horizontal  dipole  in  a  semi-infinite  dissipative 
medium 

J.  appl.  Phys.,  Vol. 24,  p.958-959,  July  1953 

263. 

A.  BANOS 

J.P.  WESLEY 

Tne  horizontal  electric  dipole  in  a  conducting  half-space 

Seripps  Inst, of  Oceanography,  La  Jolla,  Calif.,  Pt.I. 

Scrippe  Rept, 53-33,  Sept,  1953  -  Pt.II.  Seripps  Rept, 54-31,  Aug.1954 

264. 

J.R.  WAIT 

Radiation  resistance  of  dipoles  in  an  interface  between  two  dielectrics 

Can.  J.  Phys,,  V-.1.34,  p.24-26,  Jan, 1956 

265. 

H.A.  WHEELER 

Fundamental  limitations  of  a  small  VLF  uttenna  for  submarines 

IRE  Trans,  Ant,?rop,,  Vol.AP-6,  p,  123-125,  Janv.  1958 

266, 

H.A.  WHEELER 

The  spherical  coil  as  an  inductor,  shield  or  antenna 

Proc.  IRE,  Vol. 46,  p,  1595-1602,  Sept.  1958 

267. 

J.R.  WAIT 

Radiation  from  a  small  loop  immersed  in  a  semi -infinite  conducting  medium 
Can.  J.Phys. ,  Vol. 37,  p.  672-674,  May  1959 

268. 

P.W.  TURNER 

Submarine  communication  antenna  systems.  Proc.IRE,  Vol, 47,  p.735-739 ,Mayl959 

269. 

H.A,  WHEELER 

The  radienspbere  around  a  small  antenna,  Proc.IRE,  Vol.47,  p.1325-1331, 

Aug, 1959 

270. 

R.N.  GHOSE 

The  rsdi at or-to -medium  coupling  in  as  underground  communication  system 

Proc,  Natl,  Electronics, Conf., Vol.  16,  p, 279-289,  Oct.10-12,  i960 

271. 

O.J,  MOBS® 

W.D,  SABIR 

Antenna  design  for  mexiava  LF  radiation 

Electronics,  Vol. 33,  p.84-86,  June  i960 

272. 

H.A.  WHEELER 

Usefvl  radiation  from  an  underground  antenna 

J.  Res.  MBS,  Vol,  65  D,  p,  69-91,  Jan.  Feb,196l 

273. 

J.W.  POWERS 

D.E,  ROSS 

Near-tone  field  strength  of  a  buried  horisontal  dipole  near  an  interface 

1961  IRE-FOUL  Winter  Conr.,  Los  Angeles,  Calif,  Feb.  1-3,  1961 

274, 

L.  POII  ft 

Etude  du  chaqp  ilectromagnitigu*  cr«  par  un  doublet  nagsftitjue  en  presence 
ds  deux  milieux  s (peril  par  un  plan 

Ann,  Tilicom, ,  T,l6,  n°3-4,  hUrs-Avril  1961.  p,  96-104,  Suit*  das*  i  Ann, 
Tilicom.,  T.19,  n°3-4,  Mars-Avril  1964,  p,  81-86 

275. 

G.J.  MONSZR 

Pickup  device*  for  VLF  reception.  Electronics,  Vol, 34,  p.6 £W6<?,  Apr.  1961 

4-3.6 


276, 

R.V.r.  KINS 

277. 

J.R,  WAIT 

278. 

R.K.  MOOR? 

W.I.  BLAIR 

279. 

W.L.  ANDERSON 

280. 

W.L.  WEEKS 

R.C.  FENWICK 

H 

CO 

CM 

A.W.  BIGGS 

282. 

A.W.  BIGGS 

B.M.  SWARM 

283. 

R.C.  FENWICK 

W.L.  WEEKS 

284. 

R.K.  MOORE 

289. 

R.C.  HANSEN 

286. 

K.  3IVAPRASAD 

H.W.P.  KING 

287. 

G.  BASSES JIAN 

A.W.  GUY 

288. 

R.N,  GHOGE 

289. 

J.R.  %AIT 

290. 

J.  GAL2J8 

291. 

A.  BANOS 

292. 

P.R.  BANNISTER 

293. 

R.  OABILLARD 

294. 

P.R.  BANNISTER 

299. 

L.  ROBIN 

P.  POINCELOT 

296. 

P.R.  BANNISTER 

Dipoles  in  dissipative  media 

Proe.  Sycrjs.  on  Electromagnetic  vaven,  Math,  Res,  Center  U.  of  Wisconsin, 
Madison,  Vie,  Apr.  1961,  U.  of  Wisconsin  Pris  ,  Madison,  p, 199-21)1,  19o2 

The  electromagnetic  fields  of  *  horizontal  dipole  in  the  presence  of  • 
conducting  hslf-epece.  Can.  J.Physi,  Vol.39,  p.  1017-1028,  July  1961 

Dipole  radiation  in  a  condu  inf  half-space 
J.  Res.NB8,  Vol.  65D,  p.947-563,  Rov.Dec.i96l 

Fields  of  electric  dipoles  in  sea  vater  -  the  earth-atmosphere  ? jnosphere 
problem.  J.  Res.  HB8,  V0I.66D,  p. 63-72,  Jan.Feb.i962 

Submerged  antenna  performance 

1962  IRE  International  Convention  Record,  pt.  3 ,  p.  108-139 

Radiation  fields  from  a  horiaontal  dipole  in  a  «.»i-infinite  medira 
IRE  Trans.  Ant  an.  Prop.,  Vrl.AP-10,  p.  398-362,  l'>62 

Radiation  fields  of  an  '.ncliued  electric  dipole  .inters ed  in  a  semi-infinite 
conducting  mediae.  IEES  Trans.  Antes. Prop.,  Vol.  AP-11,  p.3C6-310,May  1963 

Submerged  antenna  characteristics 

IEEE  Trane.  Anten.  Prop.,  Vol.AF-11,  P.296-309,  May  1963 

Effects  of  a  surrounding  conducting  medium  on  antenna  analysis 
IEEE  Trans.  Anten.  Prop.,  Vol.  AP-11,  p.  £16-229,  May  1963 

liation  and  reception  vith  buried  and  submerged  antennas 
-LEE  Brans,  Anten.  Prop.,  Vol.AP-11,  p. 207-216,  May  1963 

A  study  of  arrays  of  dipolesin a  semi-infinite  dissipative  medium 
IEEE  Trans.  Anten,  Prop.,  Vol.  AF-11,  p,21*0-296.  May  1963 

Low  frequency  subsurface  antennas 

IEEE  Trass.  Anten.  Prop.,  Vol.  AP-11,  p. 229-'  31,  May  1963 

Mutual  couplings  among  subsurface  antenna  array  elements 
IDEE  Trans,  Antea.  Prop, ,  Vol.  AP-11,  p.  297-261,  May  1963 

Theory  of  radiation  from  sources  immersed  in  anisotropic  media 
J,  Res.  RBS,  Vol.  68B,  u°3,  Jul.Sep.  1964 

Driving  point  impedance  of  linear  antennas  in  the  presence  of  a  stratified 
dielectric,  IEEE  Trans.  Anten.  Prop.,  Vol.AP-13,  p.729-737-  Sep. 1969 

Dipole  radiation  in  the  presence  of  a  conducting  half-space 
Pergamon  Press,  Oxford,  1966 

Surface  to  surface  and  subsurfrxf  to  air  propagation  -  quasi-static  and  near 
field  ranges 

AGARD/HATO  Synp.  on  Subsurface  Communications,  PARIS,  FRABCE  29-29  Avril  1966 

Propagation  das  ondes  6lectromagc<tiques  dans  les  milieux  conducteurs. 
Application  «ux  t6l6comunicatlons  souterraines  T.l.  :  Propagation  '>«"■  un 
miliau  infini  et  dans  un  dasu-militu.  Rapport  I.R.E.L.  67-UO,  189  p., 

Juille'v  1967 

The  quasi-near  fields  of  dipole  antennas 

IEEE  Trans.  .Anten,  Prop.,  Sept.1967  also  presetted  at  the  Spring  1967 
URSI  Meetg,  Ottawa,  Ontario,  Canada 

Rayonnaeient  d’un  dipSle  6lectrique  en  presence  d«  deux  milieux  slparfe 
par  tut  plan.  Ann.  T6l6caa.,  T.22,  n°9-10.  Sept. Oct. 1967 ,p. 243-248 

Subsurface  to  air  and  air  to  subsurface  propagation  with  dipole  antennas  • 
quasi  near  and  near  field  ranges,  IEE  Conf,  on  MF,  LF  and  VLF  Radio 
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INTRODUCTION 

Cet  article  de  mice  au  point  est  consucre  u  un  expose  didactique  du  fonctionnement  des  antennes  pla- 
cees  dans  des  milieux  absorbants.  llous  etudions  d'abord  lc  cas  des  milieux  homogenes  d'etendue  infinie. 
Puis  ensuite  le  cas  oil  l'espace  offert  a  la  propagation  des  ondes  est  forme  de  plusieurs  milieux  homoge¬ 
nes  separes  par  des  plans.  Ce  cas  constitue  1' idealisation  theorique  la  plus  fidcle  du  milieu  heterogene 
forme  par  la  mer  ou  un  terrain  stratifie  surmonte  par  l'atmosphere,  Nous  abandonnons  dans  cette  partie 
l'ordre  historique  des  travaux  des  auteurs  au  bEnefice  de  la  clartE  d'exposition. 

1.  DIPOLE  ELECTRIQUE  PLACE  AU  SEIN  D'UN  MILIEU  CONDUCTEUR  1ICM0GENL  ET  INFINI 

1. 1.  Champ  cn ll  pan.  u.n  IZlment  de.  c ounant 

"L' Element  de  courar.t"  qui  intervient  dans  la  thEorie  clasBique  des  antennes  comme  elEment  differen- 
tiel,  e6t  un  morceau  de  fil  isolE  de  longueur  il  parcouru  par  un  courant  uniforme  I.  Dans  un  milieu  con¬ 
ducteur,  il  est  possible  de  brancher  les  deux  extremitEs  du  fil  sur  deB  "prises  de  masse"  d'admittance 
Electrique  non  nulle.  Si  sa  longueur  est  petite  par  rapport  it  la  longueur  d'onde,  il  pourra  alors  etre 
parcouru  d'une  extremite  a  l'autre  par  un  courant  uniforme,  Il  est  ainsi  possible  dans  un  milieu  couduc- 
teur  de  realiser  physiquement  un  "Element  de  courant"  :  Id i. 


Cette  antenne  elementaire  produit  dons  tout  l'espace  un  potentiel  de  Hertz  Electrique  donne  par  la 
formule  (voir  Ref.  (185),  (293),  (200))  : 


ii  . 

4n(o+jue) 


-YT 


(1) 


r  est  la  distance  joignant  dans  le  systene  de  coordonnEes  sphEriques  de  la  figure  1.  le  point  d'observa- 
tion  P  a  l'origine  od  se  trouve  placE  1'Element  de  courant  orientE  suivant  l'axe  polaire  oz. 

a  eet  la  conductivitE  ct  c  la  constrnte  dielectrique  du  milieu  et  le  courant  I  est  harmonique  du  type  : 

Jwt 


I  »  I  e“ 
o 


(2) 


I  Etant  une  constante. 
o 

Les  composantes  E  et  H  du  champ  electromagnetique  au  point  P  sont  obtenues  a  partir  du  potentiel  de 
Hertz  par  les  formules  (voir  REf,  (200),  (293))  : 


E  *  -y  n  *  grad  div  J1 

3  ■  (o+jwc)  rot  n 


(3) 

(M 


L'application  de  ces  formules  conduit  aux  expressions  suivantis  pour  les  composantes  non  nulles  du 
charp  : 

E„  - 


Idi 

4s(o+juc) 

sine 

r3 

(1 

♦  Yr  ♦ 

(5) 

Id£ 

2*(o+juc) 

cose 

r3 

(1 

+  Yr)e_Yr 

(6) 

IdE 

X 

sine 

2 

(1 

+  Yr )e~Yr 

(7) 
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Dans  ees  formules  y  est  le  facteur  de  propagation  relie  a  la  frequence  et  aux  constuntes  eltctroma- 
gnStiques  du  milieu  par  : 


Y 


2 


-euu  +  jwuo 


(6) 


v  etant  la  permeability  magnStique  du  ailieu« 

Lei  deux  "prises  de  masse  "  de  l'Slement  de  courant  peuvent  etre  considerees  comme  one  source  et  un 
puits  injectant  et  drainant  le  courant  I  dans  le  milieu  conducteur,  Ces  deux  "poles"  er, paces  de  la  distan¬ 
ce  d L  constituent  done  un  dipole  electrique, 

D'apris  la  formule  (8)  y  est  nul  pour  le  courant  continu  (u  ■  0).  En  faisant  u  »  0  dans  les  formules 
(5)  a  (7)  on  retrouve  effectivement  les  composantes  du  champ  Slectrique  et  magnetique  crSS  par  un  dip$le 
aliments  en  courant  continu  dans  un  milieu  conducteur  : 


I.dS 

Ee 

0 

sine 

7?" 

(9) 

I  d  l 

„  o  cose 

Er0  2eo  r3 

(10) 

Idt 

H ,  •  y  — 

♦o  ^ 

sine 

7^ 

(11) 

Dans  la  suite  de  notre  etude  nous  allons  surtout  nous  intSresser  &  1* influence  de  la  frSquence.  C’est 
pourquoi  nous  allons  dSfinir  des  paraaetres  egaux  aux  rapports  des  intensites  des  cooposantes  du  champ  a 
la  frequence  angulaire  u  aux  intensitSs  de  ces  memes  composantes  en  courant  continu  : 


E9 


-j«t 


Ere 
er  “*T 


-jut 


,  .  .  ue 
1  + 


,  A  .  uc 

Hjr 


■  (l  +  yt) 


(1  ♦  YT  ♦  yh2)'*' 
(1  +  Yr)e_vr 


-Yr 


(12) 


(13) 


(HO 


1.2.  Notion  de  friiquence.  canactlAiitique  et  de  longueuA.  ocuiactl/UltLomi  du  mi,  _  conducted  (Voir  RSf. 
(185)) 


Nous  voyons  apparaitre  dans  les  formules  (12)et  (13)  la  variable  : 

uc 


B  ■  • 


(15) 


Cette  variable  peut  aussi  s'Scrire 


6mre 

(16)  avec 

Vfe  7 

(17) 


f  eat  un  paramfetre  dont  la  dimension  physique  est  cells  d'une  frequence  et  qui  ne  dSpend  que  des  carac- 
teristiques  o  et  c  du  milieu  conducteur. 

Nous  appellerons  done  fc  la  (Hquenci  CMacti/Uitique  du  milieu. 

8  est  ainsi  une  {/ilqutnce  HeLatiue  Sgale  au  rapport  de  la  frSquence  du  courant  alimentant  le  dip8le  a  la 
frSquence  caractSristique  du  milieu  entourant  ce  dipole,  8  est  aussi  le  rapport  du  courant  de  deplacement 
au  courant  de  conduction  dans  le  milieu  et  la  ^niquence  caAactVUitiqut  est  la  frSquence  pour  laquelle  le 
courant  de  dSplacement  devient  egal  au  courant  de  conduction. 


La  frSquence  intervient  encore  dans  le  facteur  de  propagation  y  et  il  convient  de  l'exprimer  en  fonc- 
tion  de  B.  D'apres  (8)  nous  avons  en  choisissant  la  dStermination  positive  du  radical  : 

Y  *  /jwuo(l  ♦  j8)  (18) 

et  puisque  u  ■  8  ^  : 

Y  -  r-  S-'JBU  +  jB)  (19) 

c 

avec  : 


(20) 


Lc  est  un  par  am  etre  qui,  tout  come  f  ,  ne  dSpend  que  des  caractSristiques  o,  c,  et  v  du  milieu  conduc¬ 
teur.  Ses  dimensions  physiques  etant  celles  d’une  longueur  nous  l’appellerons  longueuA.  coAdcttAi&tique.  du 
milieu, 

Y  peut  aussi  s'Scrire  :  y  *  (»  *  jb)  (21) 
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avec 


(26(<4  +  B2  -  b))1/2 

(22) 

(2B(A  +  B2  +  B]  )1/2 

(23) 

1.3.  VaAiatiom  dt  VinttniM  da  champ  etectAomgn&tiqut  en  j onction  dt  La.  ffi&qutnct 
Appelon*  dUtan ct  KeZotiot  le  rapport  : 


(2U) 


nous  voyons  que  les  formules  (12)  a  (lU)  peuvent  s'exprimer  en  fonction  uniquement  dee  deux  variables  sans 
dimensions  physiques  0  et  x. 

Nous  avons  :  (voir  RSf.  ( 185 ) ) 

e6  “  T V  j ~fc  [l  +  (a  +  jb)x  +  Ux2B(j  -  B)j  e"(a  +  jb)x  (25) 

‘r-TTTB  (l^a  +  jb)x]  e“<a+  jb>x  (26) 

h^  *  £l  +  (a  +  jb)xj  e“*a  +  jb*x  (27) 

Les  figures  (2),  (3)  et  (L)  montrent  pour  plusieurs  valeurs  de  x,  les  variations  en  fonction  de  B  des 
modules  de  efl,  e  et  h.,  Considerons  par  exemple  le  reseau  des  courbes  de  |e_|,  Nous  voyons  que  | e. |  qui 
est  super ieur  &  1  pour ’lea  faibles  valeurs  de  B  diminue  rapidement  lorsque  8  se  rapproche  de  l'unite.  Mais 
lore  que  0  devie.it  plus  grand  que  1,  |e.  |  augment  e  et  peut  atteindre  pour  les  valeurs  de  B  assez  eleveea  des 
valeurs  plus  grandes  que  1. 


Ceci  signifie  que  le  milieu  conducteur ,  qui  se  laissc  assez  bien  traverser  par  le  courant  continu, 
devient  opaque  lorsque  la  frequence  des  ondes  augaente  et  se  rapproche  de  la  frequence  caracteristique. 

M ait,  au-dttd  dt  La  &xtquenct  cunACt(/Ujttiqu.i,  LoUqut  Li  couAc.it  dt  dlpiacement  L’empoiUt  ion.  Lt  coimanL 
dt  conduction,  Lt  milieu  conducteu/i  KtdtoienL  tAanipcmmt. 

Ce  regain  de  transparence  d'un  milieu  absorbent  a  frequence:  tres  6lev6e  est  un  phenomene  connu  :  une 
feuille  d'aluminium  qui  est  un  obstacle  infranchissable  aux  ondes  hyperfrequences,  se  laisse  facilement 
traverser  par  des  rayons  X  }  l'eau  de  aer  dans  laquelle  des  ondes  de  20  kHz  sont  deja  affaiblies  de  55  dB 
apres  un  parcours  de  11  ir  se  laisse  traverser  par  la  lumiere  du  jour  jusqu'a  des  profondeurs  superieures 
&  100  m. 

Or  les  rayons  X  tout  comae  la  lumiere  sont  des  ondes  electromagnetiques  obeissant  aux  equations  de 
Maxwell  et  ne  different  des  ondes  de  la  gamme  radio  que  par  leur  frequence. 

Si  nous  examinons  l'une  des  courbes  de  la  figure  (2)nous  voyons  que  | e. |  est  super ieur  a  1  dans  deux 
dooaines  de  frequences  :  6 


-  pour  B  conpris  entrt  0  et  8 

m 

-  pour  B  superieur  a  B... 

A  cea  deux  domaines  correspondent  deux  fenetres  possibles  pour  les  teleconnunications  a  travers  le 
milieu  conducteur  :  l’une  en  tasse  frequence  ;  1'autre  en  tres  haute  frequence. 

Les  frontieres  8  et  d,  de  ces  deux  fenetres  dependent  de  la  distance  relative  x.  La  figure  (5)  mon- 
tre  lea  deux  fonction!  Bm(x7  et  B^x)  dont  le  calcul  est  detaille  en  annexe. 

1.4.  Etude  pcmticuiiiAt  de  La  icn&tA.t  dt  tianimibtion  boat  (Sequence 

la  frontiere  8^  de  la  fenetre  de  transmission  basse  frequence  correspond  a  la  valeur  n  ■  3,16  de  la 
distance  relative  n  ■  r/4  definie  dans  1'annexe.  Elle  depend  done  a  la  fois  de  la  frequence°et  de  la  dis¬ 
tance. 


La  bandt  pau>antt  i  3  dB  disponible  pour  une  liaison  de  distance  r  donnee  a  travers  le  milieu  con¬ 
ducteur  correspond,  elle,  a  la  valeur  n  -  3,85.  Pour  cette  valeur  de  la  variable  n  on  a  en  effet 
legl  *  0,707  correspondent  a  l'affaiblissement  de  3  decibels.  L'allure  de  la  bande  passante  est  celle  de 
la  fonction  F(n)  representee  figure  (6). 

Nous  avons  avec  u  *  u  *  Un .10  : 

°  n  2 

"  ~  106  Hz  (28) 

oro  oro 

I*  bande  passante  est  generalement  imposee  par  la  nature  des  telecommunications  que  I'on  desire  eta- 
blir  a  travers  le  milieu  conducteur  (telephone  j  teletype  ;  telccommande  ;  etc  .,.). 

Pour  one  bande  passante  if  donnee  la  dii  Lance  maximum  r  a  laquelle  la  liaison  pourra  etre  etablie 
a  travers  le  milieu  conducteur  sera  :  n 


5-J, 


1.9U.3-03 

/SET" 

0 


(29) 


Mfcse  si  l’on  se  contente  d'une  bande  passante  if  tree  petite,  la  distance  maximum  possible  rM  pour 
la  liaison  sera  dEterminEe  par  la  nEcessite  d'obtenir°a  la  reception  un  rapport  signal/bruit  suffisant. 
L'analyse  de  cette  condition  a  EtE  faite  par  OABILLARD  et  CLARISSE  (REf.  (80)  et  (69))  dans  le  cas  d'une 
transmission  teletype  a  travers  un  massif  calcaire.  D'une  maniere  generale  r^  sera  donnEe  a  partir  de  la 


formule  (9)  par 


1 

kna 


v- 


1/3 


(30) 


Id* 

Dans  le  rapport  ('  y  *■)  I  est  le  courant  maximum  alimuntant  le  dipSle  de  longueur  d l  et  E.  sst  le 
8  max 

plus  petit  signal  exploitable  par  le  recepteur.  La  valeur  maximum  de  ce  rapport  depend  de  la  technologic 
de  construction  dee  appareils  utilises  et  de  1' intensity  des  bruits  parasites  perturbunt  la  reception, 
Pratiquement  et  avec  la  technologie  actuelle,  on  ne  peut  guSre  depasser  pour  ce  rapport  la  valeur  : 


Id  £ 

(-4-) 


10' 


9  Aap,n‘ 


Nous  avons  done  approximativement  : 


1.5.  Exempted 


rM  «  l*,3.102(o)"1/3m 


(31) 

(32) 


Nous  allons  illustrer  les  considerations  qui  precedent  avec  trois  ex espies  :  l'eau  de  mer  5  un  ter¬ 
rain  sEdimentaire  de  rEsistivitE  moyenne  j  un  massif  calcaire  de  rEsistivitE  ElevEe  : 

1.5.1.  Eau  de  men. 


Les  paramdtrea  ElectromagnEtiques  de  l'eau  de  mer  sont  : 

u»w  t  ■  80  c.  o  *=  L  mho/m 

o  o 

Les  formules  (17)  et  (20)  nous  donnent  done  : 


f  -  900  MHz  L  *  1,1*  cm 

c  c  9 

En  baase  frEquence  :  La  portee  maximum  donnEe  par  (32)  est  r„^70  a,  mais  la  tande  passante  disponi- 
ble  n'est  a  cette  distance  que  :  if  »  13  Hz. 

Le  distance  maximum  a  laquelle  une  liaison  phonie  de  3  kHz  de  bande  passante  peut  etre  Etablie  est  (for¬ 
mule  (29))  ;  r_  *  16  m, 

01 

En  haute  frEquence  on  pourrait  croire  que  la  fenitre  de  transmission  est  inexploitable,  En  effet,  & 
settlement  29  cm  de  la  source  (x  *  21),  la  formule  (15.1  ).donne  deja  :  i,  *  5,75.10  2.  La  frsquence  de 
I'onde  correspondante  a  cette  valeur  de  6  est  f  «  5 ,2.10X  Hz  :  e’est  de  la  lvniere  jaune. 


Ok  une  lanpe  Jaune  ArmtKgle  de  uo.it  data  la  meK  d  une  dit  lance  blen  iup&Uewie  d  29  cm. 


Ceci  signifie  que  1'hypothBse  qui  assimile  la  s-r  a  un  milieu  homogEne  de  conductivite  constante 
devient  fausse  au-dela  d'une  certaine  frEjuence  (voir  Ref.  (185)).  En  particulier,  aux  frequences  opti- 
ques,  l'eau  de  mer  ne  suit  plus  la  loi  d  Ohm, 

1.5.2.  Tennain  i&dimentalAe  moyen 


ConsidErons  des  galeries  de  mine  (figure  (7))  situEes  dsns  un  terrain  de  parametres  ElectromagnEtiques : 

•2 

u  ■  uo  c  ■  10  C0  a  *  2.10  mho/m 

Ces  caracteristiques  sont  par  example  celles  de  sable  argileux  sature  d'eau  douce. 

Noub  avons  :  f  **  36  MHz  L  »  80  cm 

c  c 

Le#  caracteriitique#  baaae  frequence  #ont  : 

rM  *  1,6  tan  if  •  73  Hz 

r  *  250  a  -*■  if  «  3  kHz 

81 

En  haute  frequence  :  i  10  m  de  la  source  (x  ■  12,5)  nous  avons  8.,  “  2,3lt,10  et  la  frEquence  corres- 
pondante  est  f  ■  o,<*  GHz.  1 

Dans  ce  cas  la  thEorie  est  contredite  par  1'expErience  en  sens  inverse  du  cas  de  l'eau  de  mer  ;  dti  ondei 
de  KodoA.  de  $,6  cm  de  longutuK  d'onde  ne  iKavtuenl  pad  10  m  de  A able  aKgileux,  La  faute  cn  est  cette 
fois  aux  bandes  d'absorption  diElectrique  de  l'argile  qui  augmentent  la  conductivite  apparente  en  trEs 
haute  frEquence  (voir  REf.  (185)). 


1.5,3.  Mdddtj  calccUnz 

On  rencontre,  en  particulier  dans  le  Sud  de  la  France,  des  massifs  calcaires  dont  l'ordre  de  grandeur 
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dei  paraaitres  SlectromegnStiques  eit  : 

u  ■  u_  t  «  5  t  o«  2.10-**  mho/m 

o  o 

Noui  trooa  dim  ce  cm  s 

f„  -  720  kill  L  ■  60  m 

c  c 

Lei  pon  Uit£*  de  transmission  £lectromgn£tique  d  traverr  un  tel  milieu  sont  excellent*! . 

En  bme  frSancnce  nou*  obtenoni  :  rM  ■  7,5  km.  ■*  Af  ■  330  H7. 

r  ■  2,5  km  *  Af  «  3  kHz 

to  haute  frequence  la  fenttre  de  ti’anioinion  lemble  parfaiteaent  utiliiable,  En  effet  a  U80  m  de  la 
tource  (x  «  8),  on  trouve  IL.  ■  11  et  la  frequence  correspondent*  de  7,9  KHz  eat  dam  la  gaame  del  ondes 
court** • 

Or,  bieo  qu'l  notre  connainacce  1' experience  n'ait  pu  et£  faite,  la  propagation  d'ondsi  de  cette 
friquenc*  iur  un*  telle  distance  dans  le  calcaire  paralt  invraisemblable.  Il  y  a  toutefoii  lieu  de  porter 
d  l'actif  de  la  th£orie  les  obiervations  de  KITSCH  (RSf.  (6?)). 

1.6.  PostiJoititte  d* utilisation  da  la  ientUt  dt  teanimiuion  haute  £t£quence 

la  thSorie  qui  montre  la  rcmontee  en  haute  frequence  de  l'intensite  des  cscqiosantes  E  et  H.  du 
champ  d'un  dipSle  Slectrique  reju  d  un*  distance  donneene  peut  pas  Stre  euspectfe.  II  faudrait  pour  cela 
adaettre  la  non  validite  dm  Equations  de  Maxwell. 

Kail  les  courbes  des  figures  (2)  a  ( U )  inpliquent  troia  hypotheses  dont  il  y  a  lieu  de  verifier  la 
validity  en  haute  frequence  : 

1.  La  longueur  d l  du  dipfile  rest*  petite  vis-d-vis  de  la  longueur  d'onde 

2.  Les  parametres  electrooagnetiques  o,  u  et  e  sont  des  constantes  indfpendantes  de  la  frequence 

3.  Le  moment  €lectrique  du  dipSle  lit  est  maintenu  constant  dans  toute  la  game  de  frequences  explo¬ 
re. 


La  condition  1  est  la  plus  facile  d  satisfa.re,  car  on  peut  toujours  diminuer  la  longueur  du  dipole 
mais  il  faut  augmenter  le  courant  en  proportion  et  on  peut  se  trouver  dam  1' impossibility  de  satisfaire 
la  condition  3. 

Nous  avons  attvibu6  a  la  non  satisfaction  de  la  condition  2.  les  discordances  entre  les  previsions 
theoriques  et  lee  comtatatiom  experiment  ales  concernant  la  propagation  de  la  lmiere  dans  la  mer  et  des 
ondes  radar  dam  la  terre.  Il  est  evident  qu'une  etude  de  la  penetration  des  ondes  de  frequence  Slevee 
dans  les  milieux  absorbents  est  indissociable  d'une  etude  des  variations  de  o,  u  et  c  en  fonction  de  la 
frequence,  Ces  variations  sont  li£es  a  la  nature  microphysique  des  cec anisines  d'absorption,  Elies  depen¬ 
dent  de  la  structure  nolfculoire  et  cristeOline  du  milieu  et  du  role  des  dgfauts  et  des  impuretts  qu'il 
renferme. 

Le  respect  de  la  condition  3  depend  de  la  puissance  de  l'£metteur  dont  on  dispose.  La  puissance 
n£cesaaire  pour  alimenter  un  dipSle  avec  un  courant  I  est  proportionnelle  a  sa  resistance  d' entree.  Pour 
•avoir  si  la  condition  3  peut  Stre  satisfaite,  il  faut  done  au  prealable  determiner  comment  varie  la  re¬ 
sistance  d'entree  du  dipSle  dam  la  gamme  de  frequence  inter essee. 

2.  PI  POLE  MAGNETIQUE  VMS  UN  HI  LIEU  COWUCTEUR  HOMOGENE  ET  INFINZ 

2.1.  Champ  cAll  part,  un  dipSle.  magnttiqua. 


Le  dipole  magnetique  elementaire  est  constitue  par  une  boucle  de  surface  dS  parcourue  par  un  courant  I. 

de 


Il  produit  dans  tout  l'espace  un  potentiel  de  ftertz  magnetique  donne  par  la  formule  (voir  Ref.  (293), 

(200))  : 


-TT 


(33) 


dS  est  orient^  suivant  I'axe  de  la  boucle, 

Y  est  le  facteur  de  propagation  du  milieu  donne  par  (8)  et  le  courant  I  est  du  type  (2), 

Les  composantes  E  et  11  du  champ  electromagnetique  au  point  rts  reception  P  sont  obtenues  par  les  formules 
bien  connues  : 


E  *  -  jwu  rot  if* 

$  *  -Y^f*  +  grad  div  if* 


(3h) 

(35) 


L'application  de  ces  formules  conduit  alors  aux  expressions  suivontes  pour  les  composantes  non  nulles 
du  champ. 


(1  *  Yr  ♦  y  rc) 


IdS  sinO 

T5T  TT 

IdS  cose  (1  +  Yr)e”Yr 


2-2i„-Yr 


E*  " 


2x 

r 

-juuIdS 


3 


smO 


(1  +  Yr)*-7’" 


(36) 

(37) 

(30) 
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Y*0)  ces  formulas  se  reduisent  a  : 

I  dS 

sine 

TT 

He  "T7- 

0 

(39) 

T  dS 

H  «  a1 
r 

cose 

3 

(1.0) 

0 

r 

E  «  0 

fo 

(<*1) 

Four  Etudier  l'influenct  de  la  frequence,  nous  definirons  les  rapports 


H9e 


-jut. 


(1  ♦  Yr  +  Y2rVvr 


V 


■jut 


*  (1  +  Yr)e' 


-Yr 


-jut 


■  -2j0x{l  +  Yr)e_Yr 


/?«. 

2.2.  Vaihtlont  de  l’i>vteniitl  da  dump  en  fonction  de  la.  frequence 

Come  dans  le  cas  du  dipole  electrique  le  produit  yr  peat  s'ecrire  : 

Yr  »  x{a  +  jb) 

a  et  b  etant  donnEsen  fonction  de  8  par  (22)  et  (23). 

Les  courbes  des  figures  (10)  et  (11)  montrent  les  variations  des  nodules  lb. 

0 

fonction  de  la  variable  "frequence  relati/e  6"  et  du  parametre  "distance  relative  x". 
Les 

pour  6  coopris 
petit  les 


(US) 

(U3) 

(UU) 


et 


(1*5) 


|ej  en 


que 


courbes  de  |h0|  montrent  l'existence  de  deux  fenetres  de  transnission.  L'uue  en  basse  frequence 
opris  entre  0  et  8  *  }  l'autre  en  haute  frequence  pour  0  superieur  a  0.  .  Lorsque  0  est  tres 

deux  expressions  U.21  et  ( 1*2)  deviennent  identiques.  II  er.  resulte  que  : 

sB  -  C  (w) 

Pjr  contre,  pour  x  consta.it,  |h0|  augmente  en  haute  frequence  proportionnellement  a  P2.  XI  en  results 

0H  est  plus  petit  que  0^.  La  figure  (5)  donne  0^*  en  fonction  de  x. 


3.  IMPEDANCE  V'UHE  KNTENNE  PLACET  PANS  UN  MILIEU  CONDUCTEUR  UOMOGENE  ET  1NFM 


3  ,1  Definition  de  la  "ilii&tance  d’ entile" 


Bien  que  les  resultats  que  nous  allons  donner  se  rapportent  uniquement  aux  dipSles ,  les  definitions 
sont  valables  pour  une  antenne  qut Icon que, 

La  "resistance  de  rayonnement"  d'une  antenne  est  definie  par  s 

W 

Rr"^  (Ul) 

I  est  le  courant  du  generateur  alimentant  1 'antenne  et  W  est  I'integrale  du  vecteur  de  Poynting  sur  toute 
la  surface  d'une  sphere  de  rayon  r  entourant  l'antenne,  r 

Dans  le  cas  d'un  milieu  non  absorbent  la  diminution  de  l'intensite  du  champ  avec  la  distance  est  due 
seulement  a  l'Epanouissement  de  I'onde,  L'energie  Eaise  dans  un  angle  solide  determine  se  conserve,  et 
pour  r  assez  grand  est  une  constante  independents  du  rayon  de  la  sphere, 

Mais  dans  un  milieu  conducteur,  chaque  coquille  spherique  traverste  par  I'onde  lui  preleve  une  par- 
tie  de  son  energie.  W  diminue  done  constacnent  lorsque  r  augmente.  La  iliiitance  de  l ayonnement  definie 
par  (!»7)  est  alors  une  fonction  dEcroisaante  de  r  qui  n’a  plus  aucune  utilite. 

Pratiquement  le  milieu  absorbent  n'occupe  pas  tout  l'espace,  car  il  faut  bien  au  minimus  y  creuser 
une  petite  cavite  pour  y  placer  l'antenne,  Ceci  est  evident  pour  une  antenne  enterrEe,  et,  dans  le  cas 
de  la  mer,  la  cavitE  Epouse  exactement  le  volume  de  l'antenne  recouvcrte  de  son  isolant, 

Supposona  done  l'antenne  placee  au  centre  d'une  cavite  spherique  de  rayon  P.  Appelona  U.  la 
paliiiucc  Injo.ctle  <'>ii  ncr.i'tre  dans  1>.  r-ilieu  aboorbant  l  trovers  1c.  ;arci  do  cette  ci.vite,  x3i  l'on  y 
ajoute  la  puissance  Wq  perdue  par  effet  joule  dans  l’antenne  elle-nene  (fils  conducteurs  et  prises  de 
terre  Eventuelles ) ,  on  obtient  la  puissance  totale  debitee  par  le  generateur. 

Par  dEfinition  .la  llii&tat\ce  d' entile  de  l'antenne  sera  : 


(1.3) 


I' 
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3.2.  Calcul  de  ta  paiiiante  injectle 

Le  calcul  de  W.  a'effectue  en  inpoiant  la  continuity  dee  composantes  tangentielles  du  champ  electro- 
magnytique  de  part  et  d'autre  de  la  paroi  de  la  cavity.  Ces  condition*  aux  limits*  permettent  de  relier 
lee  ecmposante*  de  l'onde  progressive  qui  *'51oigne  de  la  cavity  &  travers  le  milieu  absorbent,  aux  com- 
posante*  de  l'onde  stationnaire  qui  existe  dan*  la  cavite,  On  peut  ainsi  exprimer  le  champ  dans  le  milieu 
ebsorbant  en  fonction  du  courant  de  l'antenne, 

Ce  calcul  a  iti  fait  par  TAX  {Voir  Ryf.  (162)  -  (163))  pour  un  dipole  electrique  qu'il  assimile  a 
une  antenne  biconique  de  faible  ouvert'tre  pl^cee  dans  une  cavite  spherique  (voir  figure  (8)),  Pour  le  di- 
pSle  ragn6tique  ce  calcul  a  6t6  fait  par  WAIT  (Voir  Ref.  (l67)~(171)-(l87)-(200)). 

La  figure  (9  )reprfisente  une  boucle  de  rayon  d  a  1’ inter i^ur  de  la  cavite  sphyrique.  On  la  expose 
parcourue  par  un  courant  I  uniforme.  Dans  son  travail  de  1957,  (Ref,  (171)),  WAIT  resoud  le  problSme  en 
dyconposant  en  harmoniques  spheriques  le  potential  vecteur  produit  par  la  boucle.  Cette  analyse  reprise 
dans  une  publication  plus  rlcente  (Ryf. (107)),  conduit  A  une  formule  rigoureuse  pour  la  puissance  injec- 
t6e  dans  le  milieu  absorbent  : 

wi  "  ^p"  (°+0“6)  J^1+,5§5  (f)1*  +  “*j  (W 

Le  premier  terme  neglige  de  la  serie  et&nt  de  l'ordre  de  grandeur  de  (d/p)®. 

Pour  un  dipSle  yiementaire  (d/'p  «  1)  la  partie  reelle  de  W.  qui  correspond  a  1'ynergie  active  four- 
nie  par  le  genlrateur  au  milieu  environnant  est  : 

Hi  (5°) 

Ce  rysult&t  suppose  settlement  la  condition  : 


ce  qui.  ntcmite.  que  te  aayon  p  de  ta  cavitl  loll  tou jouu>  beaucoup  plui  petit  que  la  longueua  d'ondt 
dam  Vliotant  qui  ta  c omtitue. 


L'expreesion  (50)  de  W.  avait  deja  et6  obtenue  par  WAIT  en  1952  par  une  approche  mathymatiqne  diffe- 
rente  (Voir  Ryf,  (167)).  Dane  cette  publication  WAIT  centre  egalement  que  les  composantes  du  champ  dans 
le  milieu  absorbent  entourant  la  cavite  sont  encore  donees  par  les  expressions  (36)  a  (38)  sous  r6serve 
que  l’on  y  r emplace  le  moment  IdS  du  dipole  magn£tique  per  le  moment  equivalent  : 


3  ♦  3yo  ♦  tV 

Cette  expression  suppose  6galement  la  validity  de  (51). 

Nous  avons  ensuite  ce  r6sultat  remarquable  : 

L‘ expnealon  (50)  dt  W calculi t  rUgouAcuitmerU.  en  tenant  temple  dt  V zibet  MllecteuA.  dm  panoit 
de  la  cMitl  ett  identique  a  W^fo). 

W  (p)  etant  aimplement  l'int6grale  sur  une  sphSre  de  rayon  p  de  la  partie  ryelle  du  vecteur  de  Poynting  : 


Ps*!W>r.p  (53> 

Hg*  eet  la  quantity  complexe  conjuguee  de  Hg,  donne  ainsi  que  E^  per  les  expressions  (36)  et  (38)  qui  ne 

Auppoicnt  nullanent  l' existence  d'txne  c avltl  dam  te  mULieu  znlounant  le  dipole . 

L'effet  de  la  cavity  se  manifeste  settlement  par  le  terme  correctif  (52)  mais  celui-ci  tend  vers  1 
si  yp  est  tr«!s  petit. 

3.3,  Vanlatiom  de  ta  paiuante  injeclle  en  loncllon  de  ta  lalquente 
Wr(p)  est  relie  au  vecteur  de  Poynting  par  s 

Vr(p)  “  2sp2  f  P(p)  sinSd9  (51*) 

0 

^En  prenant  pour  P(p)  l'expression  P  donnfee  par  (53)  pour  le  dipSle  magnytique  et  l'expreesion  P 
donnee  pour  le  dipSle  €lectrique  par  ! 

Pe  “I  Re{E9H»*)r  "  0  <55) 

(Eg  6tant  l’expression  (5)  et  la  quantite  complexe  conjuguye  de  l'expression  (7)). 

Nous  obtenons  : 

PouA  le  dipole  magnltiquc  1 


V’>m 


p„  (ax  ) 
cp3  B  0 


12* 


(56) 
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avec  : 


P  (  8x) 
©  o 


9  6bxo  fg  axQ  ♦  xQ2  (a2  ♦  b2)] 


(3  ♦  3ax0  ♦  xQV  -  b2)  ]  ♦  (**,  ♦  2*bxo2  ] 

a  et  b  itant  les  fonetions  de  8  (22)  et  ( 23)  * 

*0  “ 'fe¬ 


et 


Pom  It  dipSlt  (Itt&Uqut 


Wr(p)e  " 


_1 

OB 


—5  Pe(6x0) 


(57) 

(58) 

(59) 


avec  ;  * 

f(l  ♦  ax„  -  8bx0)(l  +  axQ  ♦  xo2U2  -  b2))  +  bx0(l  +  2*x0)(8(i  ♦  axo)+  bxj  -2«o  m 
Pe(8xQ)  ■  —  '  1  - - 7—.- . . . . . .  e 


1  «•  6‘ 


Cat  formula*  ne  *ont  valables  qua  ai  l'hypothise  (51)  raate  virifiie  ,  ce  qui  inplique  la  condition: 

28x  ■  pw/yc  «  ST"  «  1  (6l) 

O  AT 

A  it  ant  la  longueur  d'onde  dana  la  cavite  et  e  etant  la  conatante  diilectrique  relative  du  milieu  ab*or- 
bant  par  rapport  A  I'iaolant  de  la  cavite. 

Si  l'on  adoet  que  la  condition  (51)  eet  encore  catiifaite  pour  : 

»  -  10-1  fe 

8  ne  dev/a  pas  dipasser  vers  les  haute*  frequences  la  valeur  : 

10-1  /r 

6 _ _ _ 


(62) 

(63) 


Ceci  inplique,  si  l'on  disire  pouyoir  utiliser  le*  foraule*  (56)  et  (59)  a  de*  frequence*  corre*- 
pondant  i  la  fenltre  de  transmission  haute  frequence,  d 'avoir  xq  suffisaiaaent  petit,  c'e*t-a-dire 
d'avoir  : 

(6U) 


0  «  L 
c 

La  figure  (12)  nontre  les  variation*  an  fonction  de  8  de*  rapports 

v  «  3*op3L  2  ~ — | 

“  c  (IdS)2 


et 


12itcp 


3  Vf^e 


(I it)‘ 


(65) 


(66) 


Pour  8  tres  petit  et  pour  8  tris  grand,  les  formule*  (56)  (57)  et  (59)  (60)  se  simplifient,  Hou* 


avons 


Pour  le  dipSle  magnitique 

w  -  (28x  )2 
m  0 

pour  B  <<  1 

(67) 

V  «  (28x  )2 
21  0 

(1  ♦  2B2x  )  pour  8  >>  1 

(68) 

Pour  le  dipSle  ilectrique 

we  “  1 

pour  6  <<  1 

(69) 

ve  »  8-2 

pour  8  >>  1 

(70) 

Si  l'on  r emplace  dans 

(67)  8  et  xQ  par  lews  valeur s,  on  trouve  : 

2  2 

v  ■  w  p  yc 
© 

(71) 

et  en  portent  cette  valeur 

de  v  dans  (65)  on  obtient  : 

IS 

Wr(o)aB,2S“  (IdS)2  Pour  8  «  1 

(72) 

On  retrouve  bien  ainsi  l'expression  (50)  de  la  puissance  injectee  W.  donne<-'par  le  calcul  de  WAIT, 


Pour  le  dipSle  electrique  la  valeur  (69)  de  v#  portee  dans  (66)  nous  donnc 


V_(p) 


12*00 


(IdS)‘ 


pour  8  «  1 


(73) 


Cette  valeur  de  la  puissance  injectee  par  le  uipole  electrique  coincide  elle  aussi  avec  un  re*ultat 
donni  par  WAIT  (foraule  (2h-30)  de  la  Ref.  (200)), 


S.4.  Exemplei 


Reprenons  l'exemple  du  massif  calcaire  du  §  1.5.3.  Si  nous  creusons  dans  le  calcaire  une  cavite 
sphErique  de  1  m  de  rayon  pour  y  placer  nos  antennes,  nous  aurons  :  x  *  1,6,10”^  et  la  valeur  de  B  a  ne 
pas  depasser  pour  rester  dans  le  domaine  de  validite  de  nos  formules ,  sera  d'apres  (63)  :  6oax  *  6,7. 

UtiLi&atLon  de  la  frn&Oie  de.  tAoniminion  bane  frequence 

Supposoiis  que  nous  desirions  Etablir  e  travers  le  calcaire  une  liaison  electromagnetique  avec  une 
autre  cavite  situee  a  600  m.  Cette  distance  de  propagation  correspond  a  la  valeur  x  ■  10  du  parsaetre 
distance  Aetative  et  la  figure  (5)  nous  donne  pour  cette  valeur  de  x  :  B  ■  5.10  ,  Nous  disposons  done 

d'une  fenetre  basse  frequence  ouverte  entre  0  et  36  kHz.  A  cette  frequence,  1'intensitE  du  chaap  electro- 
magnEtio'ie  sera  la  nine  que  si  nous  alimentions  les  dipoles  en  courant  continu.  Les  formules  (9)  et  (39) 
nous  donnent  alors  respectivement  dans  les  cat  des  deux  types  de  dipoles  les  moments  neceasaires  pour 
obtenir  un  chaap  donne  £  600  m.  Pour  avoir  Efi  »  1  uV/m  ou  H9  •  1  uA/m  il  nous  faudra  avoir  : 

soit  Id£  ■  0,55  A.m  (dipole  Electrique) 

9  2 

soit  Xdi  <•  2,7.10J  A.m  (dipole  magnetique) 

A  l'aide  des  formules  (65)  (66)  (67)  et  (69)  ou  en  utilisant  la  figure  (12)  nous  obtenons  alors  la 
puissance  injectEe  :  Uo  Watts  pour  le  dipole  Electrique  et  seulement  3  Watts  pour  le  dipole  magnetique. 

Kais  le  gEnSrateur  alimentant  les  dipoles  n'aura  pas  seuleaent  a  fournir  la  puissance  W. ,il  lui  fau¬ 
dra  aussi  fournir  la  puissance  dissipee  en  chaleur  dans  les  prises  de  terr*  du  dipole  electrique  et  dans 
le  fil  du  dipSle  magnetique. 

Supposons  les  prises  de  terre  constitutes  par  des  hemispheres  de  cuivre  de  10  cm  de  rayon  en  contact 
avec  le  calcaire  sur  toute  leur  surface.  La  resistance  Electrique  de  chacune  d'elle  sera  de  8  kfi,  soit  au 
total  R,  «  16  k (J.  Cosine  nous  disposons  pour  le  dipole  Electrique  d'une  longueur  d£  «  2  m,  il  suffira  d'y 
ft'  eser  un  courant  de  225  mA,  La  puissance  perdue  dans  les  prises  de  terre  sera  alors  Wq  *  800  Watts. 

Qi  basse  frequence  la  resistance  d'entree  du  dipole  electrique  est  done  pratiquement  celle  de  ses 
prises  de  terre  et  son  rendement  Enissif  est  tree  oauvais. 

Exaninons  maintenant  le  cas  du  dipole  magnetique,  Dans  une  cavite  de  1  n  de  rayon,  il  ,>eut  avoir  u.’.e 
surface  de  2,7  nr.  Avec  100  spires  et  un  courant  de  10  Amperes  nous  obtenons  alorB  le  moment  nccessaire, 

la  realisation  technologique  de  ce  dipole  resultera  d'un  compromis  entre  le  poids,  l'encombrenent  et 
le  souci  d'ootenir  une  faible  resistance  electrique.  Le  resultat  est  pour  celle-ci  un  ordre  de  grandeur 
de  10  R.  La  puissance  perdue  dans  le  fil  du  dipSle  est  alors  :  W^  *>  1  kW, 

Ainsi,  bien  que  le  dipSle  magnetique  semble  plus  avautageux  du  point  de  vue  enissif  (3  W  seulement 
sont  necessaires  au  lieu  de  Uo  W),  il  est  en  definitive  moins  interessant  que  le  dipole  electrique.  Un 
autre  d6savantage  du  dipSle  magnetique  est  la  valeur  elevee  de  la  partie  reactive  de  son  impedance.  Un 
simple  examen  dee  formules  (5)  (7)  et  (36)  (38),  permet  de  se  rendre  compte  qu'au  voisinage  des  dipoles 
(r  -*0),  lea  composantes  eiectriques  et  magnEtiques  du  champ  sont  en  phase  pour  le  dipole  electrique  et 
en  quadrature  pour  le  dipSle  magnetique.  Ceci  explique  la  difference  des  formules  donnant  l'Energie  in¬ 
jectEe  dans  le  milieu  absorbent  par  ces  deux  types  de  dipoles  :  le  dipole  magnetique  dissipe  moins  d'Ener- 
gie  dsns  son  voisinage  main  il  faut  lui  fournir  une  energie  reactive  importante.  Il  en  resulte  une  partie 
aelfique  elevee  de  son  in$>Edance  d'entree  qui  crEe  des  surtensions  poaant  pour  sa  mine  en  oeuvre  des  pro- 
bl ernes  technologiques  dElicats. 

UlLLuation  de  la  (enltae  de  haniminion  haute  friquence 

A  la  limite  B  v  *6,7  donnee  par  (63)  correspond  la  frequence  :  f  ■  I* ,8  MHz, 

Supposons  que  nous  desirions  etablir  a  cette  frequence  une  liaison  electromagnetique  sur  une  distance 
de  360  m  a  travers  le  calcaire.  Nous  avons  a  cette  distance  x  ■  6.  Les  linites  inferieures  des  fenetres  de 
transmission  haute  frequence  sont  donnees  par  les  courbes  de  la  figure  (5).  Pour  x  »  6  nous  avons  ft,  »  2,6 
(dipSle  Electrique)  et  B„*  »  1,15  (dipSle  magnetique).  La  frequence  de  L,8  MHz  est  done  situee  a  l'Tnterieur 
des  fenetres  de  transmission  haute  frequence  des  deux  types  de  dipoles. 

Pour  B  ■  6,7  et  x  ■  6,  les  courbes  des  figures  (2)  et  (10)  nous  donnent  :  |e@j  »  2,6  et  |h0j  »  16,5. 

L'intensitE  du  champ  A  la  distance  r  sera  : 


et 

pour  le  dipole  magnEtique 

h  "  '*  iSf5 

pour  le  dipole  Electrique 

On fxtrait  de  ces  formules  les  moments  dipolaires  necessaires  pour  obtenir  A  360  m  un  champ  magnetique 
Hg  ■  10  A/m  et  un  chaap  Electrique  ■  10-t>  V/m  : 

IdS  »  35  A.m2  Id£  -  I(,5.10"2  A.m 

La  realisation  de  moments  dipolaires  de  cette  intensitE  en  haute  frequence  est  possible  (surtout  pour 
le  dipSle  Electrique).  Le  calcul  des  puissances  injectees  dans  le  sol  &u  noyen  de  la  figure  (12)  et  des 
formules  {65)  et  (66)  nous  donne  18  Watts  pour  le  dipole  magnetique  et  seuleaent  2,8.10  Watt  pour  le 
dipSle  Electrique, 

Ces  chiffres  semblent  indiquer  que  V  ulilit  alien  de  la  game  dei  ondei  c ouatei  ieaait  poi&ible  poufi 
alaliiea  iua  de  couxtei  diitancci  du  lillcaiminicatiani  d  taavv u  du  milieux  aetativewent  peu  conduc- 
teuAi. 

Mais  cette  possibilitE  n’existe  en  fait  que  pour  des  milieux  qui  conservent  jusqu'a  des  frequence, 
de  quelques  MHz  une  conductivitE  apparente  tres  faible. 
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4,  ANTcNNE  ELECTRIQUE  HORUONTALE  PLACEE  VANS  UN  PEMI -MILIEU  CONVUCTEUR 

4.1.  Principe  dti  lialtont  X  grande  dltlance  utlliiant  dtt  dlpolet  enttM.lt  ou  inrnerglt. 

L' Etude  prEcEdente  nou*  a  montrE  qu'un  dipSle  Electrique  ou  msgnetique  place  dan*  un  milieu  c  endue - 
teur  rayonnait  done  ce  milieu  une  Energie  ElectromngnEtique  decelable  jusqu'i  quelques  centaines  de  me¬ 
tre*  ■  C'e*t  la  conductivity  Electrique  du  milieu  qui  determine  lea  porfcEes  possibles  et  les  gsmmes  de 
frEquence*  permises,  Ce  type  de  telEcommunication  a  travers  les  roches  presente  un  interet  evident  pour 
l'industrie  miniSre. 


II  peraet  en  porticulier  la  rEalisation  de  liaisons  de  secours  utilisables  en  cas  de  catastrophes. 
Mail  il  ne  prEsent*  pas  d'intEret  pour  les  marine  qui  sont  surtout  desireux  d'entrer  en  communication 
avec  de*  tous-osrins  isnergEs  &  plusieurs  milliers  de  kilometre*  dc  leur  base. 

La  propagation  d’une  onde  Electromagnetique  sur  une  tel.  o  distance  ne  peut  se  faire  qu'a  travers  un 
milieu  prEsentant  une  conductivity  nulle.  La  1'ornule  (20)  nontre  ea  effet  que  uuns  ce  cas  la  longueur 
car'ctEristique  eat  infinie,  II  faut  done  nEcessairment  pour  realiser  des  liaisons  d  grande  distance 
faire  appel  a  la  propagation  dans  l'atmosphere  d'une  onde  ElectromngnEtique, 

La  figure  (13)  montre  qu'un  dipole  Electrique  enterre  ou  imerge  a  une  profondeur  n’excEdant  pas  la 
portEe  r  permise  d  travers  le  sol  ou  a  travers  la  mer,  erfie  au-dessus  de  lui  a  la  surface  du  sol  ou  de 
la  mer,  fine  nappe  de  courant.  Celle-ci  ogit  come  une  antenne  qui  donne  nsissance  a  une  onde  qui  se  pro¬ 
page  dans  l'atmosphere.  Cette  onde,  en  se  refractant  a  travers  l’interface  air-mer  ou  air-sol,  peut 
atteindre  d  une  grande  distance  un  rEcepteur  situe  dans  un  sous-marin  ou  dans  une  galerie  de  mine. 

La  figure  (13)  montre  aussi  que  le  dipole  doit  Stre  horizontal.  En  effet,  si  il  est  vertical 

(fig,  13.b.),  il  donne  nsissance  en  surface  a  deux  nappes  de  courant  de  sens  opposEs  qui  ne  peuvent  en- 

gendrer  qu'un  rayonnement  quadrupolaire  de  faible  portEe, 

4.2,  Importance  de  la  llttlnature  coni  aerie  au  rayonnment  du.  dipole  ilectrlque  horizontal  ptacl  tout  La 
tun face. 

La aEthode  d '  malyse  mathEmatique  developpEe  en  (1926)  par  SOUMERFELV  (Ref,  (20L))  et  en  (1937)  par 
NORTON  (REf.  (207))  pour  l'Etude  du  rayonnenent  dc  l’antenne  Electrique  horizontale  placee  au-dessus  du 
sol,  a  EtE  adaptEe  en  (1951)  par  MORE  (REf,  (302))  au  cos  d'un  dipole  horizontal  immerge,  Cette  Etude  a 
Ete  en  (1953)  reprise  et  amelioree  dans  divers  cas  d' approximation  par  LIEN  (Ref,  (259))  ;  BANOS  et 

WESLEY  (REf.  (263))  ;  WAIT  (Ref,  (262))  ;  WAIT  et  CAMPBELL  (REf.  (260))  a  nouveau  WAIT  en  (1961) 

(REf.  (277)),  puis  de  tree  nonbreux  auteurs  dont  les  cravaux  sont  citEs  dans  la  rubrique  2,1*.  de  notre 
bibliographic. 

En  1966  le  livre  de  BA  NOS  (Ref.  (157))  donnait  la  some  de  ces  travaux  qui  sont  d'un  niveau  mathema- 
tique  ElevE. 

En  raison  precisement  de  ges  applications  inportantes  (en  particulier  pour  les  liaisons  avec  les 
sous-marins  en  plongEe)  le  rayonnenent  des  antennes  horizontalcs  souterraines  ou  sous -marines  a  ete 
tellement  EtudiE  qu'il  semble  impossible  d'npporter  a  cette  Etude  une  contribution  originale,  Ifous  nous 
contenterons  done  de  donner  quelques  fornules  pratiques  et  de  citer  des  exemples  numEriques  empruntes  aux 
theses  de  Doctorat  de  fONTAWE  (Ref.  (333))  et  VEGAUQUE  (REf.  335)). 

4.3,  l onet  d' approximation 

La  figure  (lL)  montre  le  systeme  de  coordonnees  cylindriques  utilise,  Le  dipole  Electrique  horizon¬ 
tal  (deh)  est  dirigE  suivant  ox  et  place  a  la  profondeur  h.  La  surface  du  sol  coincide  avec  le  plan 
(xoy). 

Les  composar.tes  E  et  II  du  champ  Electromagnetique  sont  encore  donnEej  par  le3  formules  (3)  et  (L), 
Mais  le  potentiel  de  Hertz  quo  nous  Ecrirons  dans  le  sol  ou  la  mer  et  Jig  dans  l’atmosphere  posBede 
dans  chacun  de  ces  deux  milieux  deux  composantes  : 


n 


2x 


et  n 


2z 


dans  l'atmosphere 

dans  le  demi -milieu  conducteur 


(7*t) 


/  r.,  et  n. 

I  lx  lz 

Les  expressions  de  ces  composantes  sont  donnees  par  des  fornules  que  l'on  trouvera  dsns  les  Ref. 
(333)  et  (157)  et  qui  s'expriment  en  fonction  des  intcgrales  classiquesde  SONMEREELO. 


Pour  simplifier  la  forae  mathEmatique  des  rcsultats  et  rendre  plus  focileo  les  applications  numeri- 
ques  WAIT  (REf.  (277))  et  BANOS  (REf.  (157))  ont  introduit  trois  distances  caractcristiques  R  ,  R  et  R. 
teUes  que  :  a  u  t 

!YiRA!  “  1  |n2Y2Rc|»l  (75) 

Y1  1  y2  8ont  respectivemcnt  les  focteurs  de  propagation  des  deux  milieux  :  * 

(76) 


Y2  *  jui*c 


(77) 


et  v*.  pose  : 


(76) 


2 

on  suppose  que  :  |n[  <<1  (cc  qui  revient  h  l’hypothesc  0.  >■>  uc),  et  que  la  distance  r  de  la  liaison 

est  superieure  a  plusieurs  longvcurs  d'onde  dans  le  sol  :  soit  | y, r |  »>  1,  Enfir.  la  socce  a  des  profon- 
deurs  du  rEcepteur  et  de  l'enetteur  est  bien  inferieure  a  r. 


*  on  pose  :  «  Uj  *  u  c2  "  c 
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£n  explicitant  les  constantea  dc  propagation,  on  obtient  : 


Da1  / 2«107 
RA  THT  y  o  f 


On  definit  alor*>  ainsi  quatrc  zones  d’ approximation  : 


-  zone  ires  busses  frequences 


zone  pronto 


-  zone  interne Jiairo 


-  zone  asynptotique 


r  <  H-/10 


5.1,  <■  r  <  !?„ 


V'  ‘  r  -  rc/,; 


r  >  5R„ 


"ous  evons  represente  our  la  figure  (15)  igs  Unites  de  cos  differentes  zones  pour  un  exetple  con- 
cret  od  la  conductivite  du  sol  est  »  3,3.10  nho/n. 

Si  ncua  choisisaons  pour  fixer  les  idees  une  frequence  de  1  kHz,  la  zone  tres  bosses  frequences 

correspond  d  une  distance  r  <  5  kr.,  la  zone  proche  a  3  kn  <  r  <  10  kn  et  la  zone  intemediaire  d  r  >  10  kn 

Par  contre  d  50  kHz  on  est  en  zone  internediaire  entre  200  c  et  20  kn. 

Les  fornules  expricant  les  conposantes  du  champ  au  point  de  reception  sont  differentes  dans  chacune 
des  zonea  d'approxination.  Elies  sont  donnees  dans  les  references  (15?)  et  (333). 

4.4,  Optimisation  des  -liaisons  en  "zone  vtfcAwcdiaiie" 

La  figure  (1 6)  nontre  une  exploitation  nunerique  de  ces  fornuleo.  On  s’ est  'i xc  la  distance  de  la 
liaison  :  r  ■  15  kn  ;  troia  valours  de  la  conductivitO  du  sol  et  deux  val  »  a  *  u  str  &  »  200  a 
ds  la  souse  dea  profondeurs  de  1'er.etteur  et  du  rceepteurT  On  renarque  1 '  exe  -.  j.ent  raccordenent  des  for- 
nules  de  la  zone  TBF  et  de  celles  de  la  zone  internediaire* 

Pour  recevoir  le  naxinum  de  ohanp  les  antennes  d'enission  doivent  etre  paralleles.  Mais  leur  direc¬ 
tion  coausune  peut  Strc  par  allele  ou  perpendicuiaire  a  la  droite  joignant  I'enetteur  au  recepteur.  Le  chanp 

reju  dans  le  premier  ca3  sera  note  Z,,  il  est  represents  sur  la  figure  (16)  par  les  courbes  en  trait  plein 

Lea  courbes  pointillees  nontrent  les/variations  dc  Ej^  correspondant  a  la  seconde  orientation  des  antenne6. 


En  T.B.F.  on  a  toujours  El  *  2E^  .  llais  au-dela  d'une  certaine  frequence  fcr  Z^  devier.t  superieur 
a  E^  ,  GABILLAW,  10NTAIHC  et  OEGAUQUC  (Ref.  (328),  (332),  (333)),  ont  contre  que  la  frequence  f^  eta-'t 
independante  de  la  conductivite  du  sol  et  etnit  donnee  par  la  fornule  tres  sicple  : 


*  2*35  & 


1.  lL.  10 


c  etant  la  vites3e  de  la  luaiOre, 

Cette  fornule  per.net  pour  une  liaison  de  distance  et  de  frequence  donnees  dc  prevcir  I'orientation 
optimun  des  antennes. 

Les  courbes  de  la  figure  (16)  nontrent  aussi  quo  pour  ur.e  liaison  donnee  :  (r  et  a  fixees)  passe 
par  un  naxinun  pour  une  frequence  f  de  la  bande  V.L.F.  Les  nenes  auteurs  (Ref.  (330),  (332),  (333)),  ont 
nontre  que  cette  frequence  ne  depenu&it  pas  de  la  distance  r  cais  uniqueaent  de  a  et  c. ,  On  a  avec  une 
tres  bonne  approxinatior.  : 


2 

2*ua  o. 


Zji  pour  f  peut  etre  superieur  cu  ir.fcrieur  d  Ej  pour  f  ■*  0,  Les  aboques  de  la  figure  (17)  peraettent 
de  calculer  en  fonction  de  et  de  a  pour  les  deux  distances  r  »  15  ka  et  r  *  30  Sa  le  rapport  : 

pour  f  »  f 

e  .  LL  —  ■  ..  2E1  (8b) 

Ej^  pour  f  -  0 

Si  l'on  obtient  6  >  1  on  a  interet  a  effectuer  la  liaison  sur  la  frequence  f  et  a  adopter  la  dis¬ 
position  parallele  des  antennes, 

Exenple  : 

Pour  fixer  les  idees  cor.siderons  un  nassif  calcaire  de  conductivite  o,  ■  3,3.10”**  cho/=  (resistivite 
3000  ffa)  qui  correspond  a  un  exenple  reel  et  chcrcfcons  le  chanp  produit  en*surfaze  t  15  kn  par  un  enet- 
teur  entsrre  a  500  n  dans  le  calcaire  (a  ■  500). 

Sur  la  figure  (17)  nous  trouvono  0  «  2,9  et  la  figure  (16)  nous  dor.ne  pour  f  -♦  0  e]_»  2,3.10”*°  V/b.Ls 
figure  (l6)  est  nornalis6e  pour  un  nonent  electrique  Ia£  »  1  du  dipole  ccctteur.  Supposons  que  no  .  s  puis- 
sions  realiser  ( :e  qui  est  technologiquenent  facile)  d£  a  IOC  a  et  I  »  25  A.  Roue  ourons  en  surface  a 
15  kn  : 

E//  =  n"/a 

La  frequence  d'enission  sera  donnee  par  (03)  : 


L8,5  kKz 
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(Pour  cette  mer.e  liaison,  la  frequence  f  donnee  par  (82)  est  7,6  KHz,  et  la  figure  (15)  nontrc 
que  la  liaison  se  situe  en  zone  "internediaire*i 

4. 5.  Vlagnamnei  de  Rayonnement  de*  antenne*  tongue* 

L'exenpie  precedent  de  liaisons  a  quelques  dizaines  de  kilonetreB  trouve  des  applications  dans  cer¬ 
tains  problenes  nilitaires  particuliers  et  en  protection  civile,  Mai3  pour  interesser  les  aarins  il  faut 
pouvoir  reaii'jer  a  partir  d'un  er.etteur  enterre  des  port^es  de  p.usicurs  :.,iii.  ers  de  ki  .-.etres,  Pour 
cela  on  est  amene  a  augaenter  le  moment  electrique  de  l'antenne  en  augment —  r\  longueur  (ce  qui  no  con¬ 
somme  pratiqucnent  pus  de  puissance).  On  obtient  alors  une  antenne  longue  le  long  de  laquelle  le  courant 
n'est  plus  uniforme.  On  a  alors  a  resoudre  plusieurs  problenes  : 

-  L'etude  de  la  distribution  du  courant  le  long  de  l'antenne 

-  La  determination  de  l’impSdance  d'entree  de  l'antenne  et  de  son  efficacite  de  rayonnement 

-  Le  trace  des  diagrsmnes  de  royonnenent  dans  le  plan  horizontal  et  dans  le  plan  vertical. 

Le  diagramme  de  rayonnement  dan3  le  plan  vertical  est  porticulierement  inportant  a  connaltre  car  il 
determine  la  maui'-e  dont  l'antenne  va  exciter  le  guide  d'ondes  Terre-ionosphere  sans  lequcl  les  portees 
envisagees  de  plus:'. iurc  nilliers  de  kilometres  ne  seraient  pas  possibles, 

Les  resultats  que  nous  allons  donner  ont  ete  obtenus  par  VEGAUQUE  (Ref,  (335))  qui  a  exploite  nune- 
riquement  les  formulas  de  8AK0S  (Ref,  (157  )\ 

Dans  le  plan  horizontal  le  diagrame  de  rayonnement  d'une  antenne  longue  aepend  de  la  zone  d 'appro¬ 
ximation  dans  laquelle  se  situe  la  liaison.  La  figure  (18)  montre  ce  diagranmc  dans  le  cas  d'une  emission 
tres  basse  frequence  :  f  *  300  Hz,  On  retrouve  le  fait  qu'en  T.B.F,  Ej_  »  2E  , ,  (l'antenne  de  reception  est 
suppobee  toujours  orientee  dans  la  direction  de  la  conposante  horizontale  du'chaop  electrique).  La  figure 
(19)  montre  le  m3me  diagramne  dans  le  cas  de  l'approximation  de  la  "zone  internediaire"  :  f  *  30  kHz,  Le 
diagramme  posaede  une  forme  tres  voisine  de  selui  de  l'approximation  de  la  "zone  T.B.F."  cais  on  recarque 
qu'il  a  pivote  de  e/2  par  rapport  a  la  direction  de  l'antenne,  Le  fait  que  l'on  ait  une  antenne  resonnan- 
te  en  A/U  diminue  3eulenent  l'i*tensite  du  champ  (courbe  (2))  sans  modifier  la  forme,  qui  est  senblable  a 
ceile  du  diagramme  de  r^ronnement  du  dipole  (courbe  (1)). 

En  "zone  asymptotique"  la  composante  E^  devient  tres  faible  et  dans  le  plan  horizontal  le  diagramme 
a  la  forme  d'un  8. 

La  figure  (20)  montre  dans  le  plan  vertical  les  diagrames  des  compoBantes  E  et  E  du  champ  electri¬ 
que  et  le  champ  resultant  E,  Ces  diagrames  sent  obtenus  dans  l'approximation  asymptotique  en  supposant 
le  point  de  reception  situe  a  500  kn  de  l'antenne.  Cette  hypothese  fait  abstraction  de  1' ionosphere,  Nous 
voyons  que  si  cette  couche  n'existait  pas  toute  l'energie  emise  par  l'antenne  horizontale  serait  rayonnee 
vers  le  haut  et  se  perdrait  dans  l'espace.  OEGAUQUE  montre  (Ref,  (335))  que  l'energie  rayonnee  le  long  de 
la  surface  du  sol  dans  la  petite  couronne  spherique  correspondant  a  9  <8  <n/2  est  negligeable  par  rap¬ 
port  a  l'energie  rayonnee  dans  la  calotte  spherique  0  <  8  <  0B  .  3  Ainsi,  sans  l'ionosphere  qui  re- 

flechit  l'energie  emise  vers  le  haut  et  1 'oblige  a  se  canaliser  le  iong  de  la  surface  terrestre  des  liai¬ 
sons  a  grande  distance  ne  seraient  pas  possibles  en  utilisant  une  antenne  horizontale  enterree, 

4.6.  "Impldance*"  eX  "> lendement *"  de  l'antenne  hofUzontale  entev.ie 

Si  l'on  assimile  l'ionosphere  a  un  reflecteur  parfait,  l'energie  totale  rayonnee  a  grande  distance 
dans  le  guide  terre-ionosphere  sera  la  mene  que  celle  rayonnee  dans  la  calotte  spherique  0  <  8  <  6  .  On 
dispose  ainsi  d'un  moyer.  comode  pour  calculer  la  resistance  de  rayonnement.  p‘ 

VEGAUQUE  (Ref.  (335)) a  determine  la  puissance  V  rayonnee  dans  cette  calotte  spherique  en  calculant 
aur  8a  surface  l'integrale  du  vccteur  de  Poynting,  ruisque  l'on  se  trouve  dans  1'atmosphSre  (milieu  non 
absorbent),  or.  trouve  pour  une  valeur  limite  lorsque  r-*«.  Il  devient  ainsi  possible  de  definir  pour 
l'antenne  enterree  une  "resistance  de  rayonnement"  par  la  formula  : 


(85) 


I2 


En  suppossnt  le  courant  I  constant  ce  qui  correspond  au  cas  de  l'antenne  electriquement  courte,  on 
obtient  : 


9.8.10-25  £2  f3  o'1  e"2^6 


(86) 


l  est  la  longueur  de  l'antenne,  o  la  conductivite  du  terrain  dans  lequel  elle  est  enterree  a  la  profon- 
deur  h  et  4  lp,  longueuX  de  pinttnation  :  .  , 

4  =  (reo  f)~ 


L'antenne  horizontale  enterree  est  constitute  par  un  fil  de  dieretre  d  place  dans  une  galer.ie  que 
nous  aasimileronq  &  un  tunnel  cylindrique  de  dio.".etre  D,  Le  fil  doit  etre  relie  a  cheque  extrer.xte  a  une 
prise  de  terrs siialongueur  de  la  calorie  n'est  pas  suffisante  pour  obtenir  une  resonance  de  l'antenne. 
L'enser.ble  est  assimilable  a  un  coaxial  dont  la  gaine  serait  un  muvais  -v.ducteur. 


in  puissance  W.  injectee  dans  le  sol  par  ce  type  d'anten.  -  se  calcule  .>n  integrant  le  vecteur  de 
Poynting  sur  toute  la  surface  des  parois  de  la  galerie.  la  fi6. ,e  (21)  montre  le  principe  de  cette  inte¬ 
gration. 


La  puissance  injectee  W.  donne  r.aissance  a  une  onde  qui  se  propage  dans  le  sol,  et  qui,  si  la  gale¬ 
rie  n'est  pas  trop  profonde,  cree  a  la  surface  la  nappe  de  courant  qui  engendre  le  rayonnement  atmosphe- 
,ique  de  l'antenne.  On  definit  le  RendemCnt  nadiaXxt,  de  l'antenne  comma  le  rapport  : 


(67) 


Le  calcul  de  W.  est  relativemcnt  class ique  et  figure  cn  particuiier  dans  let  livres  de  STRATTON 
(Ref,  ( 137 ) )  et  GAltJS  (Ref,  (160))  qui  etuaient  le  cas  du  conducteur  cylindrique  isole  place  dans  un  mi¬ 
lieu  absorbant  d'etendue  infinie. 
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L' analyte  de  l'influence  de  1'interfaee  air-sol  est  moins  elassique.  Elle  a  6te  effectue  par  GUV  et 
KASSERJIAN(Ref,  (106))  et  par  WHEELER  (Ref.  (272)),  Kile  a  6te  reprise  par  VEGAUQUE  dans  sa  these  (Ref. 
(335)).  Ce  calcul  relativeaent  long  et  conplexe  conduit  &  uu  resultat  remarquablement  simple.  Sous  reser¬ 
ve  que  sa  profondeur  h  soit  egale  ou  supSrieure  £  la  longueur  de  pEnStration  4,  l'antenne  peut  etre  assi- 
milfie  a  une  ligne  de  tr ensmission  placSe  dans  un  milieu  conducteur  infini.  GHOSE  (RSf,  (92))  a  montre  que 
cette  ligne  possEdait  alors  une  impedance  serie  par  unitE  de  longueur  : 


Zs  +  £> 

Cette  formule  est  valable  sous  les  deux  conditions  : 

D  «  4  (89) 


Log(l,59  £)  >  5 


(88) 


(90) 


Si  la  longueur  l  de  l'antenne  est  petite  par  rapport  a  la  longueur  d'onde,  la  puissance  injectee 
dans  le  sol  est  alors  donnEe  par  : 


»i 


»uf 


(91) 

(92) 


Ainsi  W.  ne  dEpend,  ni  de  la  profondeur  de  l'antenne,  ni  de  see  dimensions  geometriques ,  ni  de  la 
conductivity1 du  terrain. 

Mais  une  antenne  Electriquement  courte  doit  nEceasairement  etre  branchee  a  see  extremites  sur  des 
prises  de  terre.  Le  gEnErateur  doit  done  on  plus  de  W.  fournir  la  puissance  W  qui  est  dissipee  en  pure 
perte  dans  les  prises  de  terre  et  dans  le  fil  de  l'antenne.  On  a  :  0 


Wo  "  {&o  +  Rp>  1 


(93) 


R  Etant  la  resistance  par  unite  de  longueur  du  conducteur  central  et  R  la  resistance  des  prises 


de  terre. 

Nous  appellerons  ticndemzrU  de  l'antenne,  le  rapport  : 


Wi 

W.  +  w 

i  o 


Le  rendement  global  est  alors  le  produit  : 

Rr  1  ft 

D'apres  (86)  et  (90)  nous  avons  !  p  -  -  10“AO 

r  R. 

et  par  suite  le  rendement  global  de  l'antenne  courte  est 


-2h/4 


p  -  p  o 

r  up 


L' impedance  d' entree  est 


.2.3-1  -2h/4 

-  9.8.10"25  LLi - £ - 

(^  f  ♦  Rc)£  ♦  Rp 


ze  "  Re  +  jXe 


(~r  f  +  R„)8  +  R_ 


Xfi  -  uf£Log(l,59  £) 


(94) 

(95) 

(96) 


(97) 

(98) 

(99) 
(100) 


Caj  d'uue  anitnne.  > il&onnantt 

Si  la  longueur  de  l'antenne  n'est  plus  petite  vis-a-vis  de  la  longueur  d'onde  il  est  possible  de 
laisser  son  extrSmite  en  circuit  ouvert  et  ainsi  d'eliminer  la  prise  de  terre.  La  thEorie  classique  des 
lignes  donne  alors  pour  1'impE ionce  d'entrEe  : 

Riionance  en  A/4 


R&ionance.  en  A/2 


z;  -  r;  +  jx; 

(101) 

k  +  v +  r; 

(102) 

4  X'  m-J*  A 

(103) 

*  Log(f) 

Z"  «  R"  +  jX" 
e  e  u  e 

(104) 

Re  ”  ^  ?  +  V 

(105) 

vt.  28  1 

e  '^17 

(106) 

Ceo  formulcs  aupposent  que  l'antenne  a  des  perteo  relativeccnt  faibles  et  que  les  conditions  (89)  et 
(90)  oont  verifiees. 


1(1  est  le  la.cX.uui  dt  X atinti&iemint  i gal  au  rapport  de  la  vitesse  de  propagation  dee  ondes  dans  l'atmosphft- 
re  a  la  vitesse  de  propagation  v  le  long  de  l'antenne. 


On  a  : 


La  puissance  inject£e„dans 
quelle  il  faut  remplacer  i  per 


4  »  - 

r  V 


I«6(l,59  £) 


1/2 


(107) 


le  sol  par  une  antenne  resonnante  est  donnee  par  la  formule  (91)  dans  la- 
l'intEgrale  : 


A  cette  modification  prftst 
l'antenne  resonnante. 


I2-*7  f£  IU)2  di 


(108) 


0 

les  formules  dormant  les  rendements  de  l'antenne  courte  sont  valables  pour 


E^icauti  d'um  antirni  intixxti 

On  peut  se  faire  une  idSe  de  1' efficacite  d'une  antenne  horizontale  enter roe  en  conpurint  scs  perfor¬ 
mances  ft  colies  d'une  antenne  verticale  aferienne,  Cette  comparaison  est  donnee  par  le  rapport  F  de  leurs 
resistances  de  rayonnement. 


La  resistance  de  rayonnenent  du  deni-doublet  de  Hertz  vertical  pose  a  la  surface  du  sol  est  : 

Ry  -  UO  (109) 

H  etant  la  hauteur  de  la  nappe  de  fils  constituant  la  capacite  terminale  et  X  la  longueur  d'onde  dans 
l'air.  On  a  done  ! 


F  ■  Jt  -  5.6.10-11 1  ^ 

Rv  HS 

Cette  formule  est  valable  pour  une  antenne  eiectriquaaent  courte. 


(110) 


ConaidSrons  par  exerple  une  antenne  de  2  km  enterree  a  la  profondeur  h  ■  200  m  dans  un  terrain  de 

conductivity  0  ■  3,3.10-4  mho/m.  La  formule  (110)  donne  F  ■  2,10“d  pour  une  frequence  de  18  kHz  si  l'on 

compare  cette  antenne  ft  une  antenne  verticale  de  300  a,  de  haut. 

4.1.  Champ  pXodult  ft  gxandi  dJxtancc 

La  determination  de  1'intensitS  des  compos antes  du  champ  electromagnetique  produit  a  quelques  mil- 
liers  de  kilometres  de  l'antenne  fmettrice  necessite  le  calcul  de  la  propagation  dans  le  guide  Terre- 

Ionosphftre.  L'etude  thEorique  de  ce  type  de  propagation  a  fait  l'objet  depuis  le  travail  original  de 

WATSON  (Ref.  (399))  en  1919  de  publications  que  leur  tree  grand  n ombre  nous  emjpeche  de  citer  integrale- 
ment.  Nous  donnons  eependant  dans  la  partie  compiementaire  de  notre  bibliographie  quelques  references 
(Ref.  (399)  ft  (1*12)). 

VEGAUQUE  (Ref.  (335))  a  calcule  le  champ  produit  par  une  antenne  Slectrique  horizontale  enterree  pour 
des  distances  de  500  ft  3000  km.  II  utilise  la  theorie  des  modes  de  WAIT  (Ref,  ( U05 ) )  dans  1 'approximation 
de  la  terre  plate  et  d'une  ionosphere  homogene.  Cette  hypothftse  est  valable  pour  les  frequences  infErieu- 
res  ft  20  kHz  qu’il  envisage. 

La  figure  (22)  moptre  la  composante  verticale  E  a  la  surface  du  sol  pour  la  frequence  18  kHz,  La 
courbe  est  similaire  a  celle  obtenue  avec  une  antenne  aerienne  verticale.  La  figure  (23)  nrntre  pour 
4  distances  les  variations  de  en  function  de  la  frequence, 

II  est  intereasant  de  constater  que  des  champs  de  1'nrdre  de  grandeur  de  1  wV/m  sont  obtenus  avec  un 
dispositif  emetteur  relativement  modesjje  :  Antenne  de  2  km  enterr6e  a  200  m  dans  un  massif  calcaire  ou 
granitique  de  conductivity  o  «  3,3.10  mho/m,  Le  courant  necessaire  et  la  puissance  du  generateur  sont 
de  l'ordre  de  10o  A  et  100  kW. 


Un  eoua-o&rin  en  plongee  ne  dispose  que  de  l'onde  qui  s'est  rEfractee  dans  la  mer  et  qui  s'attenue 
exponentiellement  en  fonction  de  la  profondeur.  La  figure  (24)  aontre  qu'au  voisinage  de  la  surface  le 
champ  magnetique  de  l'onde  qui  pEnetre  dans  la  mer  est  le  meme  que  celui  de  l'onde  aerienne,  tandis  que 
la  composante  E  du  champ  eiectrique  dans  la  mer  est  beaucoup  plus  petite  que  la  composante  E  dans  l'air, 
Une  antenne  sensible  .u  champ  magnetique  sera  done  preferable  a  une  antenne  sensible  au  champzelectrique. 

La  faisabilite  d'une  liaison  avec  un  Bous-carin  en  plongee  depend  aussi  du  bruit  parasite  a  la  re¬ 
ception,  Le  choix  des  frequences  de  transmission  optimum  doit  etre  fait  en  tenant  compte  de  la  reparti¬ 
tion  spectrale  du  bruit  dans  la  bande  V.L.F.  (Voir  UMlIELL  (Ref.  (414))  et  BROCK  NANNE5TAP  (Ref,  413)). 


5.  PR0GRES  ET  RECHERCHES  A  E FFECTUER  C0NCERNANT  LES  MTENNES  EHETTR1CES  EUTERREES 

La  longue  antenne  horizontale  enterree  parallelement  a  la  surface  du  sol  constitue  le  procede  classi- 
que  d'emission  ft  partir  d'une  station  souterraine,  II  y  a  nointenant  19  annees  que  les  bases  de  l’etude 
thEorique  de  ce  dispositif  ont  Ste  Etablies  par  MOORE  (Ref,  (302)). 

II  faut  probablenont  rechercher  dans  le  tres  petit  nombre  de  realisations  pratiques  de  ce  type  d'e- 
metteur  (et  dans  le  fait  que  les  realisations  existantes  n'ont  donne  lieu  qu’a  des  etudes  classifiees) , 
I'explication  du  peu  de  progrEs  apparents  acconplis  depuis  le  aenoire  original  de  MOORE,  Heanmoins  certai- 
nes  Etudec  sont  susceptibles  de  faire  evoluK-  cette  technique  d'emission, 

5.1.  Influence  du  la  itxaXliication  it  du  xvUi£  du  tixxcUn 

Une  antenne  inaergee  peut  etre  consideree  coejzc  etant  placee  dans  un  demi -milieu  conducteur  infini. 

La  raison  en  est  la  bonne  homogenEite  de  la  conductivity  de  1'eau  de  mer  et  sa  valeur  elevee  qui  provoque 
1'abaorption  totals  des  ondes  avant  qu'ellco  aient  atteint  It  fom.  de  la  r.er,  II  en  est  diffcremmrnt  dec 
antennes  enterrees,  car  l'cpaisscur  des  stratifications  du  terrain  peut  etre  petite  par  rapport  ft  la  lon¬ 
gueur  de  penetration  des  ondes  dans  le  sol. 


Le  cas  d'une  couche  peu  conductrice  et  d'epaisseur  D  .►  6  ournontant  un  deai-milicu  infinu  fortenent 
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conducteur  a  etc  particulierement  etudi  ,  a  cause  probabi ement  tie  l'inportance  des  applications  prati¬ 
ques,  Un  dipole  place  dons  cette  couche  cat  en  effet  dans  1 ' environnement  physique  qui  est  celui  d’un 
6metteur ,  au  milieu  de  la  jungle,  ou  enterre  dans  la  couche  de  glace  qui  recouvre  les  regions  polaires, 

L'excitation  d'une  onde  laterals  par  un  dipole  place  dons  cette  couche  de  conductivite  interraediaire 
a  6fcg  gtudieepar  TAHIR  et  FClSCH  (Rdf.  ( J*15 ) )  ;  TAyLOR  (Ref.  (I»l6))  ;  SACHS  et  WATT  (Ref.  ( Ul7 ) )  ; 

BURROW  (Ref.  (UlO) ) i ST AIMAN  et  TM JR  (Ref.  (1(19))  ;  TAMIR  et  BIGGS  (Kef.  (to))  ;  et  par  WAIT  (Ref.  (155), 
(2kk) ,  (329)). 

Le  resultat  le  plus  interessant  de  ces  investigations  est  qu'il  existe  un  angle  optimum  de  l'incli- 
naison  du  dipSle  qui  assure  le  rayonnenent  maximum  dans  tuie  direction  donnee.  La  figure  (25)  extraite  de 
l'article  de  TAHIR  (Rdf.  (1(20))  montre  les  divers  nodes  de  propagation  entre  un  emotteur  et  un  rccepteu r 
places  dans  une  foret. 

La  figure  (26)  fait  coraprcndre  intuitivenent  la  ruison  physique  pour  laquelle  il  existe  une  incli- 
naison  preferentielle  du  dipole  enetteur  pour  l'excitation  d'un  mode  determine  du  guide  "terre-iono- 
sphere",  Ici  les  lois  de  l'optique  viennent  en  aide  a  la  comprehension  des  phenomenes.  Enfin,  WAIT  a  mon¬ 
tre  (Ref.  (32 9))  que  si  le  dipole  etait  place  tout  en  bas  de  la  couche  de  faible  conductivite,  la  dispo¬ 
sition  verticale  redevenait  prcffirable,  Les  figures  (27  a  et  b)  montrent  1' evidence  physique  de  ce  re- 
sultat  mathematique.  En  effet  si  l'on  fait  tendre  vers  zero  la  conductivite  do  la  premiere  couche  d'epais- 
seur  H,  on  se  retrouve  dans  le  cas  de  la  figure (27  a), qui  est  celui  de  l'antcnne  verticale  placee  a  la 
surface  du  sol. 

Ces  resultats  conduisent  a  penser  que  l'antenne  horizontale  n'est  peut  etre  pas  la  neilleure  solu¬ 
tion  pour  la  realisation  des  stations  souterraines  destinees  a  communiquer  avec  le6  sous-marins.  En  effet, 
les  massifs  calcaires  de  faible  conductivite  ou  il  eat  favorable  de  placer  ces  stations  sumontent  assez 
souvent  dos  terrains  sedimentaires  tres  epais  et  tres  conducteurs.  L'epaisseur  de  calcaire  r.'etant  que 
de  1000  a  2000  m,  on  est  exacter.ent  place  dans  le  cas  de  structure  de  la  figure  (27  b,).  Il  y  aurait 
alors  lieu  de  comparer  l'efiicacite  et  le  prix  de  revient  d'une  antenne  horizontale  d  celui  d'une  antenne 
verticale  placee  dans  un  forage  ntteignant  le  terrain  conducteur  sous-jacent,  Il  serait  possible  d'y  pla¬ 
cer  une  excellente  prise  de  terre  (Voir  figure  (28)). 

Enfin  le  relief  de  la  surface  du  terrain  situe  au-dessus  de  l’antenne  n'est  certainement  pas  sans 
influence  sur  son  rayonnement.  ttous  savons  en  effet  que  ce  sont  les  nappes  de  courant  qui  circulent  a  la 
surface  du  sol  qui  produisent  le  rayonnement  atmospherique  de  l'antenne. 

L'influence  du  relief  du  terrain  a  ete  tres  etudiee  en  ce  qui  concerne  la  propagation  des  ondes 
courtes  et  la  reflexion  des  ondes  radar  (Ref.  ( 1(22)  ;  (1(23)),  nais  d  notre  connaissance  il  n'existe  pas 
encore  de  publications  consacrees  a  l'influence  du  relief  sur  le  rayonnement  des  antennes  souterraines. 

Il  n'est  certainement  pas  sans  importance  que  celle-ci  soit  surnontee  d'une  montagne  ou  d'une  plaine. 

Nous  pensons  que  de  t.elles  etudes  evidemment  difficiles  a  entreprendre  nathemntiquement ,  devraient  etre 
effectuees  au  moins  sur  maquettes  (Voir  Ref.  ( to )  ;  (320)), 

A  cette  influence  du  relief  s'ajoute  1' effet  des  changements  de  terrains  le  long  du  parcours  de 
1'onde.  Ces  changements  sont  dus  soit  d  une  variation  de  l'altitude  de  l'ionosphere  (passage  du  jour  d 
la  nuit),  soit  d  la  traversee  d'une  ligne  de  cotes  (passage  de  la  terre  d  la  mer)»  L'effet  de  ces  fac- 
teurs  a  ete  particulierement  bien  etudie,  Co  sujet  est  celui  de  la  communication  du  Professeur  WAIT  u  la 
Session  I,  de  la  presente  conference. 

5.1.  UtLUiatum  du  ondu  causUu 

Nous  avons  vu  qu'il  existait  pour  la  propagation  des  ondes  u  ..avers  les  rocl.es  la  poscibiiite  d'une 
fenetre  de  transmission  haute  frequence,  Il  n'est  done  pas  impossible  d’obtenir  un  rayonnement  d'ondes 
courte3  dans  l'atmosphere  a  partir  d'antennes  souterraines,  Pratiquement  l'antenne  ne  doit  pas  etre  en- 
terree  a  une  profondeur  depa3sant  beaucoup  la  longueur  caracteristique  L  du  terrain,  Ceci  exclut  la  mer 
(L  •  1,U  cm)  des  milieux  au  sein  desquels  cette  technique  serait  possibSe.  llais  pour  certaines  roches, 
surtout  si  elles  sont  situees  dans  des  regions  ddsertiques,  Lc  peut  atteindre  et  depasser  une  centaine 
de  metres.  Ti  serait  alors  possible  d'enterrer  l'emetteur  d  une  profondeur  lui  apportant  une  protection 
efficace-. 

Les  etudes  a  conduire  pour  evoluer  la  faisabilite  d'un  tel  pro  jet  seraier.t  1 'analyse  des  variations 
des  parametres  a  et  e  de  la  roche  dons  les  bandes  d'ondes  courtes.  Il  faudrait  egalement  reprendre  toute 
l'Stude  du  rayonnement  des  antennes  souterreines  en  abandonnant  I'hypothese  o  >>  wc, 

GALEJS  (Rdf.  (290),  (120))  a  montre  que  dans  ce  cas  la  nethode  du  calcul  de  MOORE  assimilant  l'an¬ 
tenne  immergee  a  une  ligne  coaxiale  n' etait  plus  valable,  et  que  la  superiorite  du  dipole  electrique  ho¬ 
rizontal  sur  d'autres  types  d'antennes  n'etait  plus  evidente. 

GALEJS  (Ref.  (120))  a  donne  des  resultats  a  la  fois  theoriques  et  experinentaux  concernant  le  type 
d'antenne  represente  figure  (21  b.),  Cette  antenne  peut  etre  assimilee  d  une  cavite  cylindrique  couplee 
au  milieu  exteiieur  par  une  fente  circulaire.  Enterree  a  une  profondeur  de  1  n  dans  un  terrain  ayant  une 
conductivite  a  *  2,10”  nho/n  et  une  constante  diclectrique  c  *  10  e  cette  antenne  rayonne  plus  effica- 
cement  qu'un  dipole  horizontal  dans  la  bande  de  frequence  2  a  30  MHz; 

Les  caracteristiques  du  terrain  de  couverture  calculees  d  l'aide  des  formuies  (17)  et  (20)  sont  : 

f  »  36  lilz  et  L  «  80  cm.  A  30  MHz,  l'antenne  travaillait  done  avec  x  =  1,25  et  6  «  0,83. 
c  c  * 

La  courbe  de  la  figure  (2)  ne  s'applique  evidemment  pas  au  type  d'antenne  etudie  par  GALEJS,  Mais  si 
l'on  suppose  que  cheque  element  de  surface  de  la  fente  circulaire  se  comporte  comme  un  dipole  infinitesi¬ 
mal,  on  voit  que  pour  x  inferieur  d  2,  l'intensite  du  champ  electrique  se  maintient  constante  dar.s  toute 
la  partie  bssse  frequence  et  commence  juste  d  augmenter  d  6  B  0,83.  Ceci  est  en  accord  avec  le  resultat 
rapporte  par  GALEJS, 

Des  antennes  de  ce  type  enterrees  d  tres  faible  profondeur  ont  de  nombreuses  applications  militaires 
et  civijes  (antennes  de  piste  d'aeroport  par  exenplo). 

5,3.  Ridcaux  d’antennu 

Nous  concluerons  cette  revue  des  antennes  enterrees  en  dennant  quelques  references  concernant  les 
reseaux  d'antennes  enterrees.  GUV  et  liASSLRJIAWHeT.  (106))  ;  GIIOSE  (Kef.  (288))  et  d'autres  auteurs 
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(Rfjf,  (286)),  ont  Studife  dea  projets  de  stations  d’enission  souterrnines  formees  dc  plucieura  antennes 
horizontales  disposSes  paralleleoent,  Si  ces  antennes  sont  enterrSes  preB  de  la  surface  et  separees  d'une 
distance  supfrieure  a  la  longueur  de  penetration  4  elles  n'ont  pratiquement  pas  d'influence  lec  unes  sur 
les  aut.res,  Mais  comae  4  est  beaucoup  plus  petit  que  la  longueur  d'onde  dans  l'air,  elles  rayonnent  a 
grande  distance  coeune  une  antenne  unique  parcourue  par  un  courant  I  *  n  i.  n  etant  le  nombre  des  antennes 
et  i  le  courant  dans  chacune  d'clles.  Si  v  cst  la  puissance  neccssaire  a  chaque  antenne,  l'ensemble  du 
reseau  consomme  une  puissance  W  «  nv.  Pour  obtenir  le  mfene  rayonr.emont  avec  une  seule  antenne,  la  puis¬ 
sance  perdue  dans  les  prises  de  terre  augmentant  avec  le  carre  du  courant,  il  faudrait  une  puissance 
egale  a  n2v. 

A  puissance  de  g6n6rateur  6gale,  un  reseau  de  n  antennes  permet  done  de  gagner  un  facteur  n  sur 
1’ intensity  du  champ  rayonn£. 

II  est  certain  que  la  conception  de  stations  enettrices  destinees  a  la  communication  avec  les  sous- 
marins  doit  s'inspirer  de  cette  technique  des  reseaux, 

ANNEXE 


Calcul  de  la.  Aonction  6  (x) 

L'examen  de  la  figure  (2)  nontre  qu'il  y  a  deux  valeurs  de  la  variable  6  pour  laquelle  |e  |  »  1  . 


6  «  1  (1)-I  et 

n 


eii »  1 


S  etant  petit,  l'expression  (21)  de  y  peut  se  oinplifier.  Nous  avons  er.  effet  si  8  cst  negligeable  de- 
m  1/9 

vant  1  :  a  «  b  =  (26)  '  (3)-I 


et  par  suite 


Y  »  (1  +  j)  4 


4  est  un  nouveau  paraaetre  qui  depend  a  la  fois  des  coracteristiquec  u  et  o  du  milieu  conducteur  et  de  la 
frequence.  Sea  dimensions  physiques  sont  celles  d'une  longueur  et  on  l'appelle  la.  longueuA.  de  pinltAaHon, 
L'interft  de  ce  pararaitre  est  que  si  nous  definissons  une  nouvelle  distance  relative  par  s 


EE 


il  devient  possible  d' exprimer  |e. |  en  fonction  de  la  seule  variable  n.  Nous  avons  : 


|e0 1  -  F  (n)  -[(1  +  n)2  +  n2(l  ♦  2n)2) 


La  figure  (6)  montre  la  fonction  F(n),  egale  a  1  pour  n  =  0  elle  cro£t  et  passe  par  un  maximum  egal 
a  1,1(5  pour  n  »  1,62.  Elle  decrott  ensuite  et  est  d  nouveau  egale  a  1  pour  n  ■  nQ  »  3,16. 

Nous  aurons  dons  le0|  ■  1  pour  »  nQ,  soit,  en  tenant  compte  de  .^expression  (5)  de  4  pour  : 

ai—i  — 

B-6m  m?’TT#i2  I®"1 

_  X _ X 

La  formule (8) -In 'est  Svidemment  valablc  que  pour  x  >  10  car  il  faut  que  l'inegalite  (l)-I  reste  sa- 
tisfaite.  Pour  x  <  10  nous  avons  extrait  8  d'une  resolution  nuoerique  de  l'equation  obtenue  en  faisant 
dans  (25)  ! eQ |  ■  1,  ° 

Calcul  de  la.  Aonction  8,.(x) 

n 

Si  8  est  beaucoup  plus  grand  que  1  nous  avons  : 

e  >«  1  (9)-I  b  ■  23  (10)-I 

et  par  suite  ;  yr  »  x(l  +  j28)  (ll)-I 

En  portant  cette  valeur  de  yr  dans  la  formula  (12)  et  en  tenant  compte  de  ( 2)— I  nous  avons  : 

|e0|  «j\x2  +  ~  (1(62x2  -  l)2 j  1  e"x  (I2)-1 


cette  formule  se  simplifie  si  nous  avons 


2  Bx  >>  1 


( 13)— X 


En  rec3>laqant  dans  cette  inegaiite  L  et  8  par  leuro  valeurs  (15)  et  (20)  celle-ci  devient  : 

(i)/UE 

X  etant  la  longueur  d'onde  dans  un  milieu  non  absorbant  de  pemeabilite  u  et  de  constante  diclectrique  c. 
Si  ( lL )— I  est  satisfait  nous  obtenons  alors  en  faisant,  dans  (12)-I,  |e  |  ■>  1  : 


numenque 


Cette  formule  commence  a  etre  valable  pour  x  >  7.  Pour  x  <  7,  nous  avons  extrait  ii„  d'une  resolution 
ique  de  l'equation  obtenue  en  faisant  dans  (12)-I  je,  1=1. 


Frequence  caractSristique  f 
Longueur  caractSristique  L 
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METHODS  DE  CALCUL  EXACTE  DE  LA  REPARTITION  DES 
COURANT3  3UR  UNE  ANTENNE 


par  1!.  SOUIX,  DUKE, 
CETHEDEC 


SOMKAIKE 

En  utilisant  la  definition  des  sources  blectromagnetiquea  ponctuelles  donn4e  par 
l'auteur  dans  son  livre  "les  discontinuites  du  rayonnement  eieotromagndtique",  on  trcuve 
une  equation  integrals  vectorielle  pour  la  determination  exacts  des  courants  sur  line  an- 
tenne  formde  d'un  conducteur  de  forme  que Icon, pus  portent  une  ligne  de  sources,  on  appli¬ 
que  cette  methode  a  une  antenne  de  revolution  ypaisse  quelconaue  alimentde  par  tone  fen- 
te  }  l'dquatlon  intdgrale  est  alors  scalaire.  Une  methode  numerique  est  donnde  dans  le 
cas  de  l'antenne  oylindrique  cpalsse  avec  des  bouts  plats  ou  sphdriques, 

L'intdrdt  de  cette  resolution  est  qu'elle  s'etend  k  des  problkmes  trks  divers 
de  propagation  dans  des  milieux  3tratifids  et  avec  des  conditions  aux  limites  varides. 


ACCURATE  METHOD  PCR  COXFJTING  THE  CURRENT  DISTRI¬ 
BUTION  ON  AN  ANTENNA 


Based  on  the  definition  of  the  pinpoint  electromagnetic  sources  as  given  by  the 
author  in  this  book  entitled  s  "Discontinuities  in  Electromagnetic  Radiations",  an 
integral  vectorial  e  -uation  is  derived  for  the  accurate  determination  of  currents  on 
an  antenna  consisting  of  a  waveguide  of  any  shape,  bearing  a  line  of  sources.  This 
method  is  applied  to  any  thick  axisymetrical  antenna  supplied  through  a  slot  ;  then, 
the  Integral  equation  is  of  the  scalar  type.  A  numerical  method  is  given  for  the  case 
of  the  thick  cylindrical  antenna  with  flat  or  spherical  ends. 

The  advantage  of  this  solution  lies  in  the  fact  that  it  oan  be  extended  to  very 
different  propagation  problems  in  stratified  modia  with  various  boundary  conditions. 


1-  CE3ERALITE3 

Nous  nous  proposons  de  calculer  les  courants  sur  une  antenne  parfaitement  conduc- 
trice  connaissant  le3  sources  pour  une  frequence  donnee  u/(2m). 

On  utilisera  les  notations  des  references  [l]  et  [2J,  rappelees  brifevement  ici  : 
ft  H  »  champs  electrique  et  magnetique  ;  K,  J  j  sources  magndtique  et  dlectrique  { 

E,p,a  :  permittivity  dlelectrique,  permdabilite  magnetique,  conductivity  ;  systfeme 
d 'unites  IiKS  Giorgi  normalise, 

Leo  equations  de  Maxwell  o'ecrivent  : 

( 1 )  rot  5  +  iupH  =  tt  ;  rot  H  -  (iue+o)E  =  J 
ct  on  on  doduit  los  equations  aux  divergences 

(2)  di.v(iwpH)  =  div  M  ;  div  [(iue+o)E  ]  =  div  J 

e,p  oont  supposes  constants  dans  tout  l'espace  ;  a  sera  suppose  infinl  dans  un  milieu  par- 
fal tenant  conducteur,  nul  en  dehors,  J3i  S  est  une  surface  qui  separe  un  milieu  conduc¬ 
teur  de  l'espace  non  conducteur,  si  n  esi  le  vecteur  unituire  de  la  normale  a  &  orien- 
tee  vers  le  milieu  non  conducteur  et  si  I  designe  la  density  ouperficielle  de  courant 
sur  S,  on  a  : 

(3)  I  =  nAHg 

H«,  dtant  le  champ  magnetique  dans  le  milieu  non  conducteur  sur  S  (dans  le  milieu  conduc- 

teur  E,  H  sont  nuls).  Si  p  est  la  density  superficielle  de  charge  yiecirique  sur  S,  on 
a  encore  [l  ]. 

(4)  p  =  1/(iue)  n.E*3  =  div  I 
On  poaera  dans  ce  qui  suit  t 

(5)  k  =  w(ep)1/2  i  u  =  (p/e)  1//2 

—p  * 

Si  on  yiimine  E  entre  les  deux  relations  de  Maxwell  (l),  on  a  1 'equation  en  H 

(6)  rot  rot  H  -  k2H  =  rot  J  +  iuzV. 

'•onsiderons  mainxenant  une  surface  reguliere  in dale  t  partageant  l'espace  en 
deux  do:, nines  D  et  D'  et  en  chaque  point  l.  de  £  considerons  le  vecteur  unituire  n  de 
la  normals  orientoe  ver3  le  domaine  D  ;  soit  1  une  abscisse  portde  sur  ce  te  nonr.ale 
r  j.-„rti  r  de  M. 
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On  dd3igne  par  V  et  u'  les  fonctions  oaracteristiques  des  domaines  D  et  D'  (si 
PCD,  alors  V(T)  *  1,  U'(?)  =  0  |  si  p*D',  elors  u(p)  =  0,  U*(p)  =  l). 

Si  H  et  H'  ddsignent  la  fonction  vectorielle  H  dans  D  et  D*,  on  voi£  a  partir  de 
(6)  et  des  formulas  d'analyse  vectorielle  [i],  [2],  .ue  le  champ-dgal  o  H  dans  D  et  & 
zdro  dans  D*  satisfait  a  1* equation  de  Helmholtz  a  second  membre. 

A(UH)  +  k^(uil)  =  [2(dIV'dl  +  H  div  n]  6(1)  +  H6 *  ( 1 )  +  rot  f 

S+  i u>eK  +  (iw  u)-1  grad  div  ~  ■+ 

la  signifie,  par  example,  que,  si  le  "support"  des  sources  M,  J  est  dans  D1,  la  distri¬ 
bution  portee  par  la  surface  £  annule  exacteuent  I’effet  de  ces  sources  du  cdte  D1  de  E  j 
et  <iue  pour  calculer  le  champ  du  c6tc  D,  on  peut  remplacer  les  sources  par  la  distribu¬ 
tion  sur  E). 

Soit  alors  V  une  solution  arbitraire  de  1 ’ Equation  de  Helmholtz  scalaire 
(8)  AV  +  k^V  =  -4*6  (6  distribution  de  Dirac  de  l'origine). 


A  oha<iue  solution  V  de 
convolution  V  x  Acute)  -  tVm 


,  on  voit,  en  formant  la  difference  des  produits  de 
=  0 


et  en  tenant  de  l'egalite  6  x(UH)  =  UH,  que  l'on  peut  tirer  de  (7)  et  (8) 

ufl  =  -  J-  {  V  x  [2diV$l  +  H  div  n]  b  (l)  +  H6'(l) 

4* 

(9 )  •*  4 

+  V  x  [rot  J  +  iuei;  +  (iwp)  grad  div  5ij . 

Or,  a  luxe  fonction  rdguliere  prds,  si  les  coordonnees  cartesiennes  orthogonales 
du  point  Ae  Br  sont  x,  y,  z,  la  solution  generale  de  (8)  est  donnde  par  1 

(10)  V  =  [aexp  (-ikr)  +  p  exp  (ikr)]/r 
avec  r  =  [*V«2]  ^  ■ 

Done  si  PtR^,  2,  si  maintenant  r  de3igne  la  distance  Pfr,  si  on  dcsigne  alors 

V  par  v(P,fc)  et  si  i?,l  se  rapportent  au  point  11  €  Z,  la  relation  (9)  devient  t 

(11)  U(P)  H(P)  =  [-l/(4it)]{|[V(P,M)  dH(K)/dl-HdV(P,M)/dl]dr 

+V  x  [rot  J  +  iweK  +  (iup)-1  grad  div  B]}. 

Si  on  avait  fait  on  calcul  analogue  pour  le  domaine  D',  on  aurait  en  designant  par 
f(K)  et  g(M)  les  discontinuity  de  if  et  de  diy'dl  sur  Z,  soit  « 


(12)  f(M)  =  H(M)  -  H  '(M)  !  g(M) 
U(P)H(P)  +U'(P)H*(P) 


dH(M)/dl  -  dH*(M)/dl  : 


-  -[1/(4* 


(13) 


n,J 


[V(P,M)  g(K)  -  f(li)dV(p,K)/dl]dE 


+  2V  x[rot  J  +  iueM  +(iu^)_1  grad  div  K], 

On  a  ddmontre  h  la  ref  t  [2]  que  lorsque  P  traverse  la  surfaces  au  point  U  de  D' 
vers  D  le  premie r  terme  du  deuxierae  membre  3ubit  une  discontinuity  de  ( 1/2  f  (I-L7 

<  1/2 )  [if  (m0)-h*  (m0  )  ] 


et  done  que  lfon  peut  dcrire,  en  etudiant  la  limite  de  l'expression  (13)  lorsque  p 
tend  vers  M0  soit  du  c6td  D,  soit  du  efite  D’ 

(13)  H(M0)+  H'(M0)  ■  -[l/(2*))lJs[V(K0,i:)  g(lc-f (K)dV(K0,K)/dl]dE 

+  4V  x[rot  J  +iwe  K  +  (iup)”1  grad  div  Li] 

oil  f  et  g  ont  les  valeur3  des  relations  (12) 

Cette  relation  vectorielle  const! tue  trois  relations  scalaires  entre  les  douze 
composante3  de  H,  H' ,  dH/dl,  dif'/dl. 

2.K0DEUB  D'AHTEHiTE 

Con3iddrons  une  antenne  constitute  par  une  surface  mdtallique  ferrate  partagte  en 
deux  ooqu.illes  par  une  fente.  On  pouna  cn  faire  une  antenne  en  placant  une  ligne  de 
sources  sur  la  fente.  les  meddles  de  lignes  de  sources  sont  tres  varits  et  il  peut  Stre 
assez  delicat  de  les  ddcrire  dans  le  cas  general,  nous  en  prdciserosis  trois  types 
au  Vi‘  3,  Si  nous  prenons  la  surface  parfai te.xcnt  conductid.ce  sauf  sur  la  fente  comme 
surface  Z,  on  devra  (Scrire,  ;ue,  sauf  peut-4tre  sur  la  fente,  le  champ  dlectrique 
est  normal  3,  3oit  j 

(14)  nA  rot  H  =  nA  r,t  H  1  =0  sur  3  / 
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ce  qui  suffit  a  aosurer  que  la  divergence  eat  nulle  partout. 

On  obtient  ainsi  neuf  relations  relatives  a  trei2e  inconnues  que  sont  lea  douse 
oomposantes  dejk  envlsagdes  et  le  rapport  p/a  de  la  relation  (10).  Ilais  on  sait  [l] 
que  (14)  et  (15)  entralnent  que  n.H  =  N.H*  =  0.  II  reste  done  seulement  onse  inconnues. 
Pour  les  determiner  11  faudre  ocrire  une  condition  de  Soiamerfeld  pour  le  milieu  ex- 
tdrieur  D.  (Cola  s’exrrime  [ll  uniquement  au  moyen  de  H  et  di^dl  sur  la  surface  2),  ce 
qui  fournira  une  dixieme  relation,  Quant  k  la  onxifcme ,  si  la  fente  est  constitute  par  une 
ligne  de  sources  actives,  on  dorixa  que  la  puissance  active  qui  traverse  la  fen+e  eat 
nulle. 

Si  la  fente  est  raccordde  b.  une  ligne  de  transmission  unimode,  raccordde  elle-mdine 
a  une  source  et  adaptee  a  cettc  source,  le  tout  entil-rement  situd  a  1 'interieur  du  do- 
maine  D,  les  dquationu  sont  un  peu  differentes.  les  inconnues  sont  les  cinq  oomposantes 
extdrieures  &  2,  le  rapport  p/a  et  le  taux  d’onde  stationnaire  cur  la  ligne  de  trans¬ 
mission.  On  aura  trois  dquatlons  de  type  (13)  avec  H'  =  0  I  &q/dl  =  0  deux  dquations 
du  type  (14),  une  du  type  (15)  et  une  relation  de  Sommerfeld  \  l’intdrieur. 

3.  ANTBNSE  DE  REVOLUTION 

Pour  une  antenne  de  rdvolution  alimentde  par  den  sources  do  type  dlectrique  k 
symetrie  de  rdvolution  placde  suivant  une  fente  perede  le  long  d’un  parallkle,  le  pro- 
bldme  se  simplifie  si  on  impose  de  plus  aux  courants  d’etre  longitudinaux  et  aux  sources 
d’etre  dlectriques  suivant  les  radridiennes.  les  seules  inoonmies  qui  restent  sont  a  etb) 
les  oomposantes  du  champ  magnc-tiqne  extdrieur  suivant  les  pa rail dies,  fonction  seulement 
de  I’abocisse  le  long  de  la  mdridjenne,  c)  le  rapport  p/a,  et  on  n’a-ou’une  seule  equa¬ 
tion  integrale  suivant  la  mdridienne  provenant  dels  relation  (13), 

4.  REMARQUE 

lorsque  l’on  fai  t  un  ddvelonpement  du  champ  rayonnd  par  me  anisnne  suivant  une  suite 
de  champs  orthogonanx  (ainsi  I.,  HCEIii  a  dfcudie  lo  rayonnement  d'une  antenne  opheroidale 
dana  un  expose  au  CSTHEDSC  (Oontre  d 'Etudes  Thdoriquea  de  la  Dd Section  et  deo  Corwrami ca¬ 
tions)  ) ,  le  probldme  e3t  plus  simple,  cur  on  suit  a  priori  qn'on  obtj.endra  un  champ 
dlecfcromagndtique  et  on  n'a  pas  he  a  c  in  de  preciaer  trop  le  nature  de  la  source,  Ilais 
pour  le  probldme  gdr.dral  toutea  les  precautions  prises  ici  soul:  utiles.  II  faut  encore 
reriarquer^ que  les  diverges  formes  de  sources  2 idea  e  une  mdice  antenne  vort  pout-dire 
conduire  a  des  rayonnewenta  asses  different. 
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SOMAIRL 


Dans  un  recent  ouvrage  de  Franceschetti  (1969),  le  cooportement  a'une  vaste  categorie  d'antennes 
inmergees  dans  un  milieu  conducteur  a  etc  etudie  sous  1' angle  a  la  fois  thcorique  et  experimental.  Pour 
ces  diverses  antennes  (spheriques ,  cn  forme  d'cllipses  allongoen  ou  aplaties,  re ctongulaires ) ,  on  a  cal- 
cule  la  conductance  d'entree  G  ot  la  hauteur  effective  h  pour  le  cas  statique  liaitatif  oil  u  *  0,  on  a 
obtenu  : 


G  «  Aaa(l  +  C  In  Da/  )  ,  h  =  . -7—— ■  .  *  (1) 

*•  >  14C  In  [Da/  1 

0  it ant  la  conductivity  du  milieu  externe,  "a"  une  dimension  typique  de  l'antcnno,  s  la  largeur  de  l'in- 
tervalle  d'excitation,  ot  A,  I‘,  C  et  des  constants  connuec. 

La  question  qui  se  po3C  est  la  ouivantc  ;  dans  quelle  nosure  los  resultats  at  .Li  ,uo3  peuvent-ils 
ttre  ;-.X);liques  au  c;.s  dynamique  ? 

Considerons  un  cas  narticulier,  celui  d'une  antenne  spherique  de  rayon  a.  Pour  l'admission  d'entree 
1,  nous  avons  obtenu  : 

K  *  G  +  j  B  ■  2(n  +  juc)(l  ♦  In  ^a/UsJ  ♦  *£)  ,  (2) 

oil  £  est  une  aerie  a  convergence  rapide. 

Dans  le  cas  ou  o)<o  et  c*r*o,  nous  deduisons  de  (2)  que  les  resultats  statiques  de  (l)  sont  pratique- 
ment  valables,  pourvu  que  a  <_  4/5  ,  4  *  /2Aiuqo  reprttsentant  la  penetration  de  l'onae.  En  outre,  on 

peut  rendre  B  egal  a  zero  sur  une  tree  large  bande  si  l'on  choisit  correcteoent  a  et  s.  Dans  ce  cas,  le 
terse  logarithmique  s'applique  a  la  fois  a  G  et  a  B,  lorsque  0  ■  0,  il  s'applique  seulenent  a  B. 


En  ee  qui  concerne  h,  il  n'est  pas  facile  de  comparer  les  cas  statique  et  dynamique  lorsqu'on  se 
rifire  aux  champs.  Cependant,  reportons  nous  au  pseudopotentiel  a  (Schelkunoff,  1952  ;  Wait,  1966),  de 
faqon  qua  : 


Ainsi,  pour  r  ■* 


£”-n rsei*xVo 

nous  avons,  pour  le  terme  bipolaire  : 


(3) 


*i  ■  -  to TuV)  #in2<,[ir ♦  <*]  exP  [-j^J  (U) 

ou  la  hauteur  dynamique  effective  h^  aontre  une  dependance  logaritnmique  a  l'egard  de  la  largeur  de 
1* intervene  et  s'assiaile  ti  h  lorsque  a<4/5. 


Nous  obtenons,  par  exetnple,  a  partir  de  (3)  et  (It)  ; 

Ee  TS?  8in9  [jk  +  7  +  4]  ex*  (’j^)  *  (5) 

qui  est  le  mfcoe  Ea  que  pour  un  bipSle  ilenentaire  de  hauteur  h.. 

w  G 

L’analyse  qui  precede  peut  Stre  etendue  a  d'autres  types  d'antennes,  couvrant  ainsi  une  vaste  cate- 
gorie  d'antennes  a  nu  ou  isolees. 


L'un  des  resultats  importants  de  ces  travaux,  que  nous  n'avons  pas  trouve  dans  les  ouvrages  publics, 
est  l'analyse  de  la  dependance  de  7  et  de  h  a  l'egard  de  la  largeur  de  l'intervalle  a  la  fois  dans  le 
cas  dissipatif  et  non  dissipatif.  Nous  avons  egaleaent  deaontre  1' importance  et  1'applicabilite  des  re¬ 
sultats  statiques. 


7-1 


ON  THE  INFLUENCE  OF  THE  THICKNESS  OF  EXCITATION  GAP  ON  ANTENNA  PERFORMANCE 


G.  Franceschetti 

Dept,  of  El.  Eng.,  Via  Claudio  21,  80125  Napoli,  Italy 

and 

Istituto  Universitario  Naval®,  Via  Acton  38,  80133  Napoli,  Italy 


SUMMARY 

The  input  admittance  and  the  effective  height  of  a  spherical  antenna  in  a  lossless  or  conducting  en¬ 
vironment  is  computed.  The  antenna  is  assumed  to  be  excited  by  means  of  a  voltage  applied  to  a  small  equa 
torial  gap. 

The  explicit  dependence  of  the  antenna's  parameters  on  the  excitation  gap  thickness  is  found  and  di¬ 
scussed.  Analytical  expressions  and  graphs  of  the  above  parameters  are  shown.  It  is  found  that  an  approach 
in  the  zero-frequency  limit  should  be  very  useful  for  these  studies. 

For  the  situation  of  both  antennas, or  of  one  of  them,  submerged  or  buried,  the  radio-linn  equation  ia 
computed.  The  optimum  frequency  which  maximizes  the  ratio  between  the  received  and  the  transmitted  power 
is  found.  The  influence  of  the  excitation  gap  thickness  on  the  radio-link  is  demonstrated. 

1.  STATEMENT  OF  THE  PROBLEM  AND  DISCUSSION  OF  PRINCIFAL  nESULTS, 

In  a  recent  work  (l)  the  behaviour  of  a  large  class  of  antennas  (spherical,  oblate  and  prolate  sphe¬ 
roidal,  strip  antennas)  immersed  in  a  conducting  medium  was  studied,  in  the  limiting  case  of  zero  frequen 
cy  excitation.  By  using  special  summation  techniques  on  the  series  solution  for  the  input  conductance  G, 
it  was  possible  to  extract  the  dependence  of  G  on  the  excitation  gap  thickness;  the  remaining  series  tur¬ 
ned  out  to  be  fairly  rapidily  convergent.  The  input  conductance  G  and  the  effective  height  h  both  turned 
out  to  be  dependent  cn  the  log  of  the  gap  thickness,  as  well  as  on  the  other  dimensions  of  the  antenna. 

It  should  be  interesting  to  enquire  to  what  extent  the  static  results  could  be  applied  in  the  dynami 
cal  case;  or,  more  generally,  to  what  extent  the  summation  techniques  adopted  in  the  static  could  be  ap¬ 
plied  in  the  dynamical  case.  This  would  be  very  useful  for  antennas  not  only  in  a  conductive  but  also  in 
a  lossless  environment.  As  a  matter  of  fact,  for  this  last  case,  fairly  rapidily  convergent  series  for  the 
input  susceptance  should  be  obtained. 

In  order  to  make  an  initial  approach  to  this  problem,  a  spherical  antenna  was  considered.  The  anten¬ 
na  (fig.*)  was  assumed  to  be  excited  with  a  constant  voltage  along  a  small  equatorial  gap;  the  time  depen 
dence  of  the  applied  voltage  was  assumed  to  be  of  type  expLjut]  ;  the  external  medium  was  assumed  to  be  i- 
sotropic,  homogeneous,  of  permittivity  c,  permeability  y,  and  conductivity  o;  and  the  general  solution 
for  the  input  admittance  y  and  effective  heights  hn  of  the  dipolar  (n*l)  and  multipolar  terms  of  radiation 
was  found. 

Although  the  solution  obtained  is  valid  in  general,  emphasis  wa3  placed,  in  the  discussion  of  results 
on  an  antenna  in  a  highly  conductive  medium  such  that  o»we. 

It  is  believed  that  the  results  of  this  study  can  be  enlarged  to  cover  the  more  complex  case  of  a 
spherical  antenna  in  a  layered  environment,  or  immersed  in  a  magnetized  cold  or  warm  plasma  (2).  More  ge¬ 
nerally,  it  is  believed  that  the  main  results  are  valid  for  all  other  antennas,  apart  from  analytical  com¬ 
plexities  of  the  related  study. 

As  far  as  the  input  admittance  Y  of  the  antenna  is  concerned,  it  was  expressed  as  the  sum  of  three 

terms,  save  a  multiplicative  factor;  the  first  term  shows  explicitily  the  dependence  of  Y  on  the  gap  thiclc 

ness ;  the  second  term  is  frequency  independent ,  and  in  the  form  of  a  series  whose  convergence  is  of  the 
type  1/n2,  n  being  the  summation  index;  the  third  terra  is  frequency  dependent  and  in  the  form  of  a  series 
whose  convergence  is  of  the  type  (ka/n)3  for  |ka|>n,  "a"  being  the  radius  of  the  antenna  and  k2*-jwy(o+ 
+jue).  The  first  two  terms  are  exactly  those  that  would  be  obtained  by  using  a  purely  static  approach  (1); 
and  this  point  emphasizes  the  usefulness  of  such  a  study  in  the  zero-frequency  limit,  provided  that  |ka|« 
«1.  The  dependence  of  the  gap  thickness  is  on  the  input  conductance  G,  when  0>>we  (lossy  case);  on  the 
contrary,  it  is  on  the  input  susceptance  B  when  o*o  (lossless  case).  A  fairly  interesting  result  for  the 
lossy  case  is  that  B  is  negative  (inductive),  and  can  he  exactly  compensated  in  the  range  |ka|«l  by 
means  of  a  lumped  capacitance.  Therefore  the  antenna  can  be  made  to  have  a  very  flat  response  within  a 
wide  band. 

As  far  as  the  effective  height  h  of  the  dipolar  uv..-m  of  radiation  is  concerned,  it  was  computed  for 

both  the  lossless  and  the  lossy  case.  As  the  frequency  is  made  to  approach  zero,  the  value  of  the  effect^ 

ve  height  goes  into  that  very  value  which  would  be  computed  by  means  of  a  static  approach. 

The  dynamical  behaviour  of  the  field  is  conveniently  described  by  a  pseudopotential  (3).  In  order  to 
get  the  components  of  the  field  in  the  dynamical,  or  in  the  static  case,  different  expansions  for  each 
term  of  the  pseudopotential  should  be  made  in  general.  However,  it  is  shown  how  to  get  expressions  for 
the  field,  valid  over  all  the  frequency  range,  by  a  singe  suitable  asymptotic  expansion  for  the  pseudopo¬ 
tential. 

For  the  computation  of  a  radio  link  in  practiced  situations  of  buried  or  submerged  antennas, two  esses 
are  of  Interest  (It):  both  the  antennas  are  buried  or  submerged  (up-over-and-down  mechanism  of  propagation), 
or  a  single  antenna  is  buried  or  submerged,  and  the  other  is  upon  the  earth  surface  (up-and-over  mechsnism 
of  propagation).  The  system  equation  for  the  radio  link  cor  be  obtained  by  substituting  for  the  buried  or 
submerged  antennas  equivalent  elementary  dipoles  of  momentum  I  h,  I  being  the  input  current  of  «-he  antenna. 
It  is  thus  possible  to  compute  the  very  frequency  for  which  the  ratio  between  the  received  and  the  trans¬ 
mitted  power  reaches  its  maximum  value.  For  the  up-over-snd-dovn  case,  it  is  found  that  optimum  condition 
are  obtained  provided  that  (h^  +  hg)  *  **4,  hp  and  h2  being  the  depths  of  the  antennas,  and  4  the  skin  depth 
of  the  wave  (inversely  proportional  to  the  square  root  of  the  frequency).  For  the  up-and-over  case  the  op¬ 
timum  conditions  are  reached  provided  that  h  =  74. 

In  both  cases  the  received  power  is  reduced  if  the  gap  thickness  decreases.  This  fact  suggests  the  use 
of  insulating  layers  protruding  from  the  gap  iri  order  to  enhance  the  behaviour  of  the  radio  link.  The  dimen 
sions  of  such  layers  can  be  optimized  experimentally. 


The  work  reported  herein  was  sponsored  by  the  Italian  Consiglio  Rationale  delle  Riccrche,  under  the  Con¬ 
tract  115.061 5.037«8. 
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2. 


2.1.  Formal  solution  to  tbe  problem. 

Let  us  consider  the  spherical  antenna  of  fig.l,  immersed  in  a  homogeneous  infinite  medium  of  conducti 
tity  o ,  permittivity  e  and  permeability  u ,  vhich  is  excited  by  &  constant  voltage  V  along  a  small  gap  2a»“ 
«2ea. 

Tbe  electromagnetic  field  relative  to  this  antenna  is  described  by  the  following  components,  with  re¬ 
ference  to  a  spherical  system  of  coordinates  (r,8,4),  centered  on  the  centre  of  the  antenna  (5): 


7  [4‘">  - " 


«,  (2n-l)  H, 

E  »  I  t  - 

r  ln  n  (e+jue)  Tir*  sin  8 


h  '  ln  (o+jue)  r3'2 


[(2n-l)  H^1/2(kr)  -  hr  (hr)] 


(1) 


H  «r  t  4-1 (n)  Ikr) 

H*  [n  \  T7T  H2n-l/2  (te)  * 

being  tbe  associate  Legendre  polinomial,  H^2 '  the  Hanhel  functions  of  second  hind,  and  n  equal  to  cos8. 
The  coefficients  t.n  of  tbe  series  expansion  for  the  field  are  such  as  to  satisfy  the  boundary  conditions 
at  r«a,  and  tte  therefore  given  by: 


l*n-l 


(o+jut)  a1^2 

ha  H^3/2(ha)  -  (2n-l)  H^1/2(ha)  It  n2  (2n-l)  sin"1  n„ 


/n0 


4-l(n)  dn  , 


(2) 


where  no  ■  cos(v/2-a)  ■  sin  «. 

The  input  admittance  Y  of  tbe  antenna  can  be  obtained  from  Eqc(l)  and  (2)  as  follows: 


I  “  • 

where: 


2»a  H.  (a,o) 


«  *a(o+juc)  coso  Z 


ltn-1  pL.Oi) 

- S.(ka)  ■  &  j;  - 

sin  n0 


rn„ 


l“  2n(2n-l)2  “ 


4n-l(n)  dt>  » 


Sn(ka) 


1 

JZT 


k‘  H^3/2<k‘> 


r—3/2 

7TT 


(2n-1)Hin-l/2<km) 


(3) 


Zt  should  be  noted  that  the  complex  power  radiated  by  the  antenna  is  given  by: 
r*  f2* 


P-f 


dO 


d#  Ee(a,8)  Hj(a,8)  2wa  sin6  =>  ^  ■-  s  2*a  H^(a,  |)  »  ^  Y*  |vj‘ 


(It) 


where  the  equality  is  valid  in  the  limiting  case  of  a  very  small  gap. 

By  taking  into  account  toe  properties  of  the  Legendre  polonomial  (6),  we  obtain  up  to  first-order 
terms  in  no: 


no 


4-1(t,)  dn 


4-l("°> 

sin"  nP 


For  n  fixed,  and  n0  sufficiently  small,  we  get: 

4-i<''°>  fn° 


2n-l  n  o  Pp  n+i  ( ^  o ) 

- P.  „(no)  (3c  -  l*n-l)  P.  (n0)  -  (to  -2n-l)  - 

to(n-l)  20-2  211  n0  J 


sin"1  n0 


4-1(1’^  dn  -  i>2n(o>^ 


(5) 


(6) 


while,  for  n0  fixed  and  n  sufficiently  large,  we  get* 


4-i(n») 

sin"1  n0 


n0 


^  sin  [1*  n  sin"1  nj 


4-l(n)  dn  *  7 


sin"1  n0 


(7) 


Therefore  the  series  of  Eq.{3)  can  be  recast  in  the  following  fora: 


/ 


Y  *  »a(o+jut) 


»  MlSS=|l  [p  _(o)]2  S(k.)  ♦  l 


1  sin  [to  sin-1  ho] 


ln  Tsn-l?  l‘2n""J  “» . «H*  2*n2  -  -1 


sm  Ho 


(6) 


H  being  a  (yet  unspecified)  suitable  number,  such  that  for  n<H  the  asymptotic  expression  of  Eq.(6)  could 
be  used;  on  the  contrary  for  n>H  the  asymptotic  expression  of  Eq.(7)  should  be  appropriate,  together  with 
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p 

the  limiting  value  of  (ltnrl)/2n(2n-l)  l/2n. 

Adding  and  subtracting  a  same  suitable  quantity  in  Eq.(8)  we  get: 

H  o„/Ln  i  \  f,  i  sin  [Itn  sin"1  n«0  ) 

X  -  a(c+jue)  I  -2-5<J*«fc|Z.[p  (o)]2  S  (ka)  -  - - -  (  + 

ln  (2n-l)2  L  20  B  2sn2  sin"1  n0  J 

«  .  sin  [I»n  sin-1  n0] 

+  sa(o+jue)  E  - -  - - -  (9) 

1  2im  ain"'1  n0 

In  the  first  summation  the  terns  (sin  x)/x  can  be  put  equal  to  x,  since  n<R.  Furthermore  we  have, for 
n  even  moderately  large: 


Sa(ka) 


1-0.35  O 
n 


It  is  seen  that  the  general  term  of  the  summation  behaves  as  1/n  ,  therefore  rendering  the  summation 
fairly  rapidly  convergent.  It  follows  that  this  summation  can  be  converted  into  a  series  letting 
The  second  series  can  be  totaled  exactly  (7).  After  some  rearrangement,  we  get: 


Y  *  2na  (o+juc)  j —  +  E 


n(im-l) 


-™J  +itah)- 


+  2ira  (o+jus)  E 


,  n ( hn-l ) 
n  (2n-l)2 


[K(o)]2  [s  (ka)-l]  ■  2na(o+jwe)  y 


The  normalized  input  admittance  y  consists  essentially  of  three  parts. 

The  first  part,  comprising  the  first  two  terms  inside  the  first  large  bracket,  is  independent  of  both 
the  frequency  and  the  geometry  of  the  antenna.  This  part  can  be  totaled  and  la  found  to  be  equal  to  0.85* 
The  second  part,  comprising  the  last  term  inside  the  first  large  bracket,  is  only  dependent  on  the  length 
of  the  excitation  gap  normalized  to  the  radius  of  the  antenna.  The  third  part  is  only  dependent  on  the  pa¬ 
rameter  ka,  This  last  series  is  fairly  rapidly  convergent,  since  its  general  term  behaves,  for  n  large, as 
(ka)2/(2n)3,  provided  that  |ka|<2n. 

2.2.  The  lossy  case. 

When  the  antenna  is  immersed  in  a  conductive  medium,  such  that  o»uc,  we  have  from  Eq.(lO): 


/  i  .  n(ltn-l)  „  \ 

¥  «  G  +  jB  *  2nao  (  0.8?  ♦  ±  in  &**<<>)]“  &„<*>  -  3  j 


where  k*»(l-j)a/S,  4  being  the  skin  depth  of  the  wave. 

Examination  of  Eq.(ll)  shows  that  the  input  conductance  G  of  the  antenna  is  dependent  on  the  gap  thick 
ness,  while  the  input  susceptance  is  not  affected  by  this  factor.  The  input  conductance  at  zero  frequency, 
say  Ge,  is  exactly  the  same  as  that  obtained  by  solving  the  static  problem  (1)  directly. 

A  series  expansion  of  Eq.(ll)  in  the  neighbourhood  of  ka-*o,  up  to  terms  of  order  (ka)3  included, leads 
to  the  following  result: : 


-ft f)  =  G° 


B  -  -  2*aa  f  (f  )2  [l  -  f]  ■  - 


The  input  susceptance  of  the  antenna  is  inductive,  and  less  than  2soa/10,  provided  that  a<4/3.  The  iii 
put  conductance  ia  exactly  that  computed  in  the  static  case.  These  results  emphasize  the  importance  of  sta 
tic  computation  for  the  study  of  problems  of  this  kind. 

It  should  be  remarked  that  the  inductive  susceptance  B,  which  increases  linearly  with  the  frequency, 
can  be  exactly  compensated  by  means  of  a  shunt  lumped  capacitance  of  value  03*(®a)2  pa/U  in  the  range 
|ka|«l.  For  a*lm,  u*l. 256*10'°  F/m,  o«10"2  Siepens/m  (soil),  we  get  C«300pF;  for  0*5  (sea  water),  we  get 
C*75uF;  in  all  cases  very  reasonable  values.  It  follows  that  the  spherical  antenna  can  be  made  to  have  a 
very  flat  response  over  a  very  wide  band. 

The  graphs  of  the  normalized  conductance  g«G/2»oa  and  susceptance  b«B/2noa  are  represented  in  fig. 2 
as  a  fwiction  of  the  ratio  a/4,  up  to  values  a/6«2. 

2.3.  The  lossless  case. 

When  the  antenna  is  immersed  in  a  lossless  medium,  we  have  from  Eq.(lO): 


.  It*2  a 


*  G  +  jB  x  j  — jr~  j  jO*85+7l«T ~+Zn 


n(Un-l) 
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A  being  the  wavelength,  and  r,  the  intrinsic  impedance  in  the  external  medium. 

Examination  of  Eq.(i3)  shows  that  the  input  conductance  G  of  the  antenna  is  independent  of  the  gap 
thickness,  while  the  input  susceptance  is  affected  by  this  factor. 

A  series  expansion  of  Eq,(13)  in  the  neighbourhood  of  2*/A-*o,  leads  to  the  following  result: 
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The  results  of  Eq.(lU)  are  in  fairly  good  agreement  with  some  experimental  measurements  on  satellite 
antennas  (5). 

3.  COMPUTATION  OF  THE  EFFECTIVE  HEIGHT. 

3.1.  Formal  solution  to  the  problem. 

For  the  considered  problem,  the  electromagnetic  field  csn  be  derived  from  a  pseudo  potential  A  as 
follows : 


where: 
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*4-n2  H.(r,8) 
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being  the  unit  vector  along  the  4  coordinate,  and  being  given  by  the  third  relation  of  Eq.(l). 
The  general  term  of  the  series  expansion  for  A  can  be  put  in  the  following  form: 


2n-l 


* « <*•> 
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where: 


(U) 

is  the  spherical  Bessel  function  of  order  2n-l t  I  is  the  input  current  of  the  antenna,  and: 

j  /575T 


»LV>  ■  <-«*  JS  iV*’  . 


(19) 


harf  "  ^  (kaJ^H^ka)  S“(ka)  3(&-l)2  |p2n(0)l  * 

In  order  to  understand  the  me^ng  of_h2n_i,  let  us  first  consider  the  esse  n«l. 


(20) 


Expanding  asymptotically  kr  Rlj',  (far)  for  kr-o, stopping  at  terms  of  order  1/kr  included, we  get  from 
Eq.(l8):  2n_1 


*1 +  IT  x?  siae  exp[‘jkr]  [1+  A! 

and  consequently  for  E0: 

—  «in9  exp[-jkr]  [jk  +  ^  +  -i-J 

L  r  jkr^J 


I  0  h, 


E  *  t 


Usr 


(21) 


(22) 


i.e.  exactly  the  field  of  an  elementary  electric  dipole  of  effective  height  hj.  Expression  (22)  is  valid 
even  in  the  zero  frequency  limiting  case  fa*o.  ... 

In  the  general  case,  the  asymptotic  expansion  for  kr  Ri**  ,  (kr)  must  be  performed  up  tv  terms  of  order 
(l/kr)®11*1  included. 

It  should  be  remarked  that  hgJS_1  assumes  the  following  value  in  the  zero  frequency  limiting  case: 


2n-l  2  1  2n 

yQ  being  the  limiting  value  of  (11)  for  k-*o 


.  2(Un-l)  . 

*¥  lpOn<°>l  - o  [1.3.5 . (fcn-3)]  i- 

3  (2n-lT  y° 


(23) 


3.2.  The  lossy  case. 

Let  us  assume,  as  ir.  Sect. 2. 2.,  o»ue  and  let  us  consider  the  case  n»l  (dipolar  term). 
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Use  effective  height  is  dependent  cn  the  gap  thickness  via  the  factor  y  in  the  denominator  of  (20). 
Therefore  the  effective  height  decreases  as  the  gap  thickness  decreases,  and  consequently  also  the  radia¬ 
ted  power,  as  will  be  shown  in  Sect.b.  , 

A  series  expansion  of  Eq.(20)  in  the  neighbourhood  of  kar»o,  up  to  terms  of  order  (ka)2  included, 
leads  to  the  following  result  : 


.  i  ,  .  -  fc  - 

*°  L  “  xr  ♦  !.«8  5  . 


The  value  of  h1  for  ka*o  is  exactly  that  computed  in  the  static  case  (1).  These  results  emphasise  the 
importance  of  static  computation  for  the  study  of  problems  of  this  kind. 

The  graphs  of  the  normalized  effective  height  2h1/3a  are  reported  in  fig. 3  as  a  function  of  the  ratio 
a/4,  up  to  values  a/5»2. 

3.3.  The  lossless  case. 

Also  in  this  case,  it  is  evident  from  Eq.(20)  that  the  effective  height  hj  is  dependent  on  the  gap 
thickness.  However,  this  does  not  necessarily  means  that  the  radiated  power  is  reduced  when  the  gap  thick¬ 
ness  is  decreased,  os  will  be  shown  in  Sect. h.  This  apparent  contradiction  is  related  to  the  fact  that  on¬ 
ly  the  input  susceptance,  and  not  the  input  conductance,  is  dependent  on  the  gap  thickness. 

A  series  expansion  of  £q.(20)  in  the  neighbourhood  of  (ka)-*o,  up  to  terms  of  order  (ka)2  included, 
leads  to  the  following  result  : 
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U.  COMPUTATION  OF  THE  RAPID  LINK, 
h.l.  Formal  solution  to  the  problem. 

Let  us  new  compute  the  radio  link  equation  between  two  matched  sperical  antennas,  oriented  for  the 
maximum  received  field,  and  let  us  use  subscript  T  and  R  for  transmitting  and  receiving  antennas  respect.! 
vely.  The  transmitted  power  Pj  is  given  by: 


P_  G_  |VJ2 


1  G  It 

2  T  Yt 


V  being  the  voltage  applied  to  the  shunt  of  the  antenna  input  admittance  YT  and  the  matching  susceptance 
-Bj. 

The  electric  field  at  the  receiving  antenna,  say  E^p,  will  be  given  by; 

Era  *  K  IT  hT  ,  (27) 

K  being  a  suitable  constant  depending  on  the  radio-link  type  and  geometry  and  the  effective  height  hj_ 
of  the  transmitting  antenna  (the  dipolar  term  of  radiation  is  assumed  to  be  the  dominant  one). 

The  induced  current  at  the  input  terminals  of  the  receiving  antenna  is  given  by: 


XB  =  ETR  hR  yR 


and  consequently  the  received  power  by: 


From  Eq.(26),  through  (29).  we  get: 


PR  “  2 
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The  radio-link  parameter  a  can  be  computed  for  the  spherical  antenna  via  Eq.(20).  Thus: 


9*2a2  f 


2 1  exp[jka] 


1+jka  -  (kar 


It  is  noted  that  the  dependence  of  a  cn  the  gap  thickness  is  only  related  to  the  eventual  dependence 
of  G  on  this  same  parameter.  This  is  what  happens  in  the  lossy  case,  but  not  in  th;  lossless  case.  There¬ 
fore  a  decreases  in  the  gap  thickness  lowers  the  efficiency  of  the  radio-link  in  the  lossy  case  and  does 
not  lower  the  efficiency  in  the  lossless  case,  provided  tnat  the  antennas  are  matched. 

For  the  lossy  case,  tne  graph  of  the  radio  link  jJaraaeaet  a  is  given  in  fig.L  as  a  function  of  the 
ratio  a/S. 


h,2.  The  up-over-and-dovn  radio-link. 

For  this  case  the  constant  K  can  be  computed  for  tne  intermediate  range  as  fellows  (It): 
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dp  &re  the  depths  of  the  two  antennas  respectively, 
ka/t|2  =  (aa)2  is  frequency  independent;  the  frequency  dependence  of  the 


where  Co  ■  AiT/co.  and  ^i 
Bote  that  the  value 
ning  term  is  of  order  |ka 

When  this  dependence  can  be  neglected,  it  is  easy  to  get  the  optimum  frequency  which  maximizes  the 
ratio  Pr/P<t»  hy  differentiating  Eq.(30)  with  respect  to  1/4. 

The  condition  is  the  following  one: 


dl  +  d2 


1*6 


(33) 


U . 3.  The  up-and-over  radio-link. 

For  this  case  the  constant  K  can  be  computed  for  the  intermediate  range  as  follows: 


i*il 


2nr  4oo2  43 


(34) 


d  being  the  depth  of  the  submerged  or  buried  antenna. 

In  order  to  compute  the  optimum  frequency  of  the  radio  link,  we  must  compute  the  value  of  u  for  the 
antenna  in  air.  Assuming  this  antenna  to  be  an  elementary  dipole,  we  have  that  Y  is  proportional  to  u  , 
while  G  is  inversely  proportional  to  the  square  of  u.  It  follows  that  a  is  proportional  to  hi",  and  there¬ 
fore  to  1/S6.  By  taking  this  factor  into  account,  we  get  the  new  condition  which  replaces  that  of  Eq.(33) 

d  -  74 
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A  sketch  view  of  the  pherical  antenna  excited  by  a  constant  volta¬ 
ge  V  at  its  equatorial  gap. 
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Fig. 2  -Graphs  of  the  gap  independent  part  normalized  conductance  g!=G/2noa 
mid  susceptance  b=d/2noa,  as  a  function  of  the  ratio  a/6  (antenna's 
radius  on  the  skin  depth  of  the  wave).  The  effective  normalized  con¬ 
ductance  g  is  obtained  by  adding  to  g'  the  "gap  term"  (in  l_)/2n2oa. 


Fig. 3  -Giaphs  of  the  module  and  of  the  phase  (in  degrees)  of  the  normalized 

modified  affective  height  (of  the  dipolar  term  of  radiation)  h£=(2hjy)/ 
/(3ay‘)  as  a  function  of  the  ratio  a/4  (antenna's  radiu3  on  the  skin 
depth  of  the  wave).  The  effective  height  h^  can  be  easily  computed 
when  the  ratio  y'/y  is  known.  This  in  turn  is  given  by  (g'+jb)/(g+jb) , 
and  can  be  easily  obtained  by  using  the  graphs  of  fig.l,  mce  the  gap 
of  the  antenna  has  been  chosen. 
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RESUME 


On  se  propose  de  schdmatiser  la  detection  dlectromagnetique  d' un  obstacle  dans  un  milieu 
absorbent  it  partir  d'une  source  ponctuelle  du  type  dipdle  magndtique  conmc  <!metteur,  et  d' un 
r^cepteur  ponctuel  du  m§me  type  dont  r  axe  est  situ^  dans  le  plan  de  symdtrie  du  premier,  de 
faqon  4  rocevoir  un  champ  nul  en  milieu  ind^flni;  la  presence  d’ un  obstacle  repr^sentd  par 
un  plan  conducteur  ind^fini  produit  un  champ  non  nul.  Ce  schema  trop  simple  qui  correspond™  it 
it  une  puissance  infinie  issue  de  l'eraetteur  est  modifid  par  1*  introduction  d' un  milieu  non 
absorbant  entourant  l’^metteur  et  limitd  par  une  sphere,  ce  qui  permet  de  faire  un  calcul 
complet.  gdndralisable  4  toute  autre  source  ponctuelle,  et  a  tout  milieu  absorbant  homogene 
et  isotrope. 


SUMMARY 


It  Is  planned  to  schematize  the  electromagnetic  detection  of  an  absorbing  medium,  from 
a  pinpoint  source,  like  a  magnetic  dipole,  as  a  sender,  and  a  pinpoint  receiver  of  the 
same  type,  with  its  axis  in  the  symmetry  plane  of  the  former,  so  ns  to  receive  a  zero 
field  in  an  undefined  medium;  the  presence  of  an  obstacle  represented  by  an  undefinto 
conducting  plane  creates  a  zero  field.  This  excessively  simple  diagram,  which  would 
correspond  to  an  infinite  power  issuing  from  the  sender  is  modified  by  the  introduction 
of  a  non-absorbing  medium  surrounding  the  sender  and  limited  by  a  sphere,  which  makes  it 
possible  to  perform  a  complete  calculation,  likely  to  be  extended  to  any  other  pinpoint 
source,  or  to  any  homogeneous  and  isotropic  absorbing  medium. 
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CALCUL  EN  MILIEU  ABSORBANT  DE  CHAMP  REFLECHIE 
PAR  UNE  SUBFACE  METALLIQUE 

M.Bouix  ot  L. T. Bach 


1.  ENONCE  DU  PROBLEME 

Nous  nous  proposons  d'Etudier  les  conditions  de  la  detection  Electromagnet Ique  d’ un  objet  mEtallique  plongE 
dans  un  milieu  absorbant  par  un  dlspositif  constituE  d'un  systeme  emetteur  agissant  comme  un  doublet  magnEtique 
qul,  placE  seul  dans  le  milieu  absorbant  supposE  indEflnl  produirait  dans  un  plan  Q  perpendlculalre  au  doublet 
un  champ  magnEtique  transversal  nul.  La  prEsence  d’un  obstacle  modlfie  la  repartition  du  champ  ElectroraagnEtique 
dans  le  milieu  et  crEe  un  champ  longitudinal  non  nul  dans  le  plan  Q  ,  champ  que  l’on  peut  mettre  en  Evidence 
par  un  systErae  de  rEception  dEtectant  ie  champ  longitudinal  en  un  point  de  cet  axe;  pour  que  le  3yst&me  permette 
la  dEtection  d’ ui:  obstacle,  1' Emetteur  et  le  recepteur  dolvent  §tre  construits  en  respectant  soigneusement  les 
symEtries  requises  par  le  principe  du  procEdE.  Nous  schEmatlserons  encore  davantage  le  problEme  en  supposant 

1.  que  1’ obstacle  4  dEtecter  est  constituE  par  un  plan  parfaitement  conducteur  (sous  la  rEserve  qu’ 11  ait 
une  grande  Epnisseur  par  rapport  k  X  ou  qu’ il  soit  conducteur  parfait,  sinon  il  faudralt  tenlr  compte 
du  milieu  qui  est  derriEre  et  de  l’onde  diffuse) 

2.  que  1’  Emetteur  est  rEduit  k  une  source  ponctuelle. 
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On  volt  alors  que  la  puissance  active  a  traverse  la  sphere  s'  exprime  par 
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SI  k  n’est  pas  r/el.  c* est-A-dire  si  <7^0.  1' expression  de  W  contient  un  terme  on  1/r  et  devlent 
done  infiniment  grande  lorsque  le  rayon  de  la  sphAre  tend  vers  z/ro.  tone  le  champ  H01  ecrlt  ne  pourralt 
6tre  engendr/  que  par  une  source  ponctuelle  de  puissance  inflnle.  En  fait  ceci  n' est  pas  physique;  sans  entrer 
dans  des  considerations  trop  compllqu/es,  disons  simplement  qu’ un  Zmetteur  est  toujours  placZ  dans  un  coroparti- 
ment  s/parZ  du  milieu  absorbent  par  une  certaine  surface.  Pour  trouver  les  ordres  de  grandeur  on  supposera  que 
cette  surface  est  r une  des  sphAres  S  ,  que  la  puissance  active  qui  en  sort  est  la  puissance  de  1*  Zmetteur,  et 
que  la  distribution  du  champ  Zlectromagn/tique  sur  cette  surface  est  celle  de  champ  &  sym/trie  sph/rique  Hol  . 

Si  fi  Ztait  complexe,  on  aurait  trouvZ  un  terme  en  1/r3  pour  W  ,  mals  le  m@m>  raisonnement  permet  d’Zviter 
la  difficult/  de  la  source  ponctuelle  en  milieu  absorbant. 


3.  CALCUL  BE  L’ EFFET  D’  OBSTACI.E  CONSTITUE  PAR  UN  PLAN 
INDEFINI  PARFAITEMENT  CONDUCTF.UR 


Consld/rons  (fig. 3  1)  un  Zmetteur  placZ  A  l'origine  du  repAre  orthonormZ  Oxyz  de  la  figure  2.1  assimilable 
a  un  doublet  magn/tique  situ/  en  0  orient/  suivant  Oz  placZ  dans  un  milieu  non  absorbant  limit/  par  une 
sphAre  do  rayon  a  centr/e  A  1*  origin?:  cet  Zmetteur  /met  A  la  fr/quence  f  =  u>/(2v)  une  puissance  telle  que 
la  puissance  active  qul  sort  de  la  sphAre  de  rayon  a  solt  /gale  A  WQ  ,  Le  milieu  ext/rleur  A  la  sphAre  est 
le  milieu  de  eonstantes  caract/rlstlques  e  .  fi  ,  7  .  En  1‘  absence  de  tout  obstacle  le  champ  Zlectromagn/tique 
A  1* ext/rieur  de  la  sphAre  est  le  champ  sph/rique  des  formules  (2-1),  le  coefficient  A  Ztant  d/termin/  A 
partir  de  la  formule  (2-2)  par 


it 


0 


(3-1) 


Le  champ  Zlectromagn/tique  dans  le  plan  xOy  est  tel  que  Hr  =  0(car  cos  0  =  0)  ;  il  en  est  alnsi  au  point 
R  de  1’  axe  Ox  tel  que  OR  -  d 
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Si  l'on  lntroduit  maintena.,,  un  obstacle  reprdsentd  par  un  plan  P  inflniment  conducteur,  situd  4  la  dis¬ 
tance  p  de  l’orlgine.  il  superpose  au  champ  prdcddent  un  champ  de  mdme  structure  produit  par  un  doublet 
magndtlque  symdtrique  de  1’ origins  par  rapport  &  P  ,  mals  dont  la  puissance  est  multiplies  par  Is  facteur 
d' attenuation  eJp  In  k  ,  Le  dispositlf  de  reception  devra  mettre  en  evidence  la  composante  de  ce  deuxldme 
champ  suivant  Ox  .  O' est  cette  ccmposante  que  nous  allons  calculer. 

Pour  cela,  il  faut  ecrire  par  rapport  au  repdre  Oxyz  les  composantes  du  champ  image  symetrique  du  champ 
incident  par  rapport  au  plan  P  . 

Remarquons,  afln  de  simplifier  le  calcul.  que,  puisque  les  equations  du  Maxwell  sont  lineaires,  on  peut 
decomposer  un  doublet  magndtique  place  suivant  un  axe  en  la  somme  de  deux  ou  plusleurs  doublets  magnetlques 
dont  11  est  la  resultants  (Cf.  form. 3. 12. 17  Ref.  1)  et  le  champ  du  doublet  initial  est  la  somme  des  champs  des 
composantes. 

Or  si  un  doublet  magnet lque  est  paralieie  4  un  plan  conducteur,  la  nullite  de  la  composante  du  champ  magnetique 
dans  le  plan  normal  au  doublet  en  son  centre  sera  conservee  par  la  presence  du  plan  conducteur. 

Done  si,  en  presence  du  plan  conducteur,  on  decompose  un  doublet  magnetique  en  un  doublet  paralieie  au  plan 
et  en  un  doublet  perpendiculaire  au  precedent  et  situe  dans  le  plan  passant  par  le  doublet  initial  et  perpen- 
diculaire  au  plan  conducteur.  c* est  seulement  cette  deuxldme  composante  qui  pourra  fournir  une  valeur  non  nulle 
au  champ  magnetique  ddteetd  par  le  dispositlf  recepteur. 

Aussi,  nous  etudierons  seulement  la  disposition  suivante:  le  doublet  magnetique  dtant  place  suivant  Oz  ,  on 
assure  la  composante  du  champ  oagndtique  suivant  Ox  en  un  point  R  de  Ox  tel  que  OR  =  d  .  Le  plan  P 
sera  determine  par  1’  angle  a  que  fait  le  vecteur  unitaire  u  de  sa  normale  avec  Oz  et  par  sa  distance  p 

4  l’origine;  si  H  est  le  pied  de  la  normale  4  P  issue  de  0  ,  on  orientera  u  dans  un  sens  tel  que 

OH  =  p>0  . 

Si  o'  est  1’ image  de  0  par  rapport  4  P  les  coordonndes  de  O'  serort: 

x0  =  2p  sin  a  y0  =  0  z0  =  2p  cos  a  . 

Le  champ  dlectromagndtlque  image  sera  rapportd  4  un  repdre  direct  d’origine  O'  ,  de  vecteurs  unltaires  7'  , 

7'  .  it'  lids  aux  vecteurs  unltaires  T  ,  7  .  it  du  repdre  du  0  par 

T  -  7'  =  2u  sin  a  7  +  7'  ~  0  it  -  it'  =  2u  cos  a  . 

Or  on  a: 

u  =  T  sin  a  +  It  cos  a  .  - 

Done.-' 

7'  =  (1-2  sin?a)7  -  2it  sin  a  cos  a 

7'  =  ~7  (3'2> 

it '  =  -  2  sin  a  cos  a  T  +  ( J  -  2  cos?  a)it  . 

Si  r'  ,  O'  ,  9'  sont  les  coordonndes  sphdrlques  d’ un  point  M  de  l’espace  assocides  au  repdre  de  O'  , 

elles  seront  lidos  aux  coordonndes  du  repdre  de  0  ,  soit  sphdriques  r  ,  0  ,  9  ,  soit  cartdsiennes  x  ,  y  ,  z 

par  des  relations  tirdes  de 


O^M  =  0  '0  +  OM  =  -  2pu  +  OM 


ce  qui  donne: 

r ' (7'  sin  O'  cos  9'  +  7'  sin  O'  sin  9'  +  It'  cos  O']  =  -2p(7  sin  a  +  it  cos  CO  •*  7x  +  7'y  +  Ez 
ce  qui  donne  en  tenant  coapte  de  (3-2) 

r ' [( 1  —  2  sin^Osin  &'  cos  ?'  +  2  sin  a  cos  a  co3  £']7  +  r '  [-2  sin  a  cos  a  sin  O'  cos  9'  +  (1-2  cos?«)co»  0']E  - 

-  r'  sin  O'  sin  9'  7  =  (-2p  sin  a  +  x)7  +  yj  *  (-2p  cos  a  +  z)E  . 

Or  on  s’  intdresse  seulement  ft  un  point  de  Ox  pa'-  iequel  y  =  z  =  0  . 
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On  a  done  les  relatione  d' identification 

■s 

r'[(l-2  sin2a)sin  O'  cos  <p'  -  sin2a  cos  O']  =  -2p  sin  a  +  x 
r'  sin  O'  sin  q?'  =  0 

r'[-sln  2a  sin  O'  cos  <p'  +  (1-2  cos2a)cos  O' 3  =  -2p  cos  a  . 

Comae  sin  O'  n' est  pas  identiqueoent  nul  sur  Ox  ,  c’ est  qu’  on  aura  sin  cp'  =  0  ,,  soit  en  choisissant  une 
bonne  origlne  des  arcs 


<p'  =  0 


il  reste: 


r'[(l-2  sin2a)sin  O'  -  sin  2a  cos  O']  -  -2p  sin  a  +  x 


r'[-sin  2a  sin  O'  +  (1-2  cos2a)cos  O']  =  -2p  cos  a  . 


On  tire  de  ces  deux  relations  r'cosfi'  et  r'slr.#'  par  les  foraules  de  resolution  des  Equations  lindaires, 
ce  qul  donne: 


r'  cos  O'  =  -2p  cos  a  +  x  sin  2a 
r'  sin  O'  =  — ( 2p  sin  a  +  x  cos  2a) 


(3-3) 


et  il  en  rdsulte: 

r'  =  [4p2 -4px  sin  a  +  x2J 1/2  ;  (3-4) 

il  est  a  remarquer  que  c'-*oo  quand  p-<x>  . 

Si  on  affecte  d’ accents  les  champs  provenant  du  doublet  image,  le  champ  suivant  Ox  est 

Hj  =  T(r'i?;  +  8%) 

avec: 

r '  =  T'  sir.  6  cos  <p'  +  J'  sin  O'  sin  <p'  +  ft'  cos  O' 


O'  =  T'  cos  O'  cos  <p'  +  jf'  cos  O'  sin  tp'  -  k'  sin  O' 


soit  en  tenant  compte  de  (3-2)  et  de  <p'  =  0 

t'  =  [(1-2  sin2a)sln  O'  -  sin  2a  cos  0']~i  +  [-sin  2a  sin  O'  +  (1-2  cos2a)cos  0']lt 

O'  =  [cos  O' ( 1-2  sln2a)  +  sin2a  sin  £']r  +  [-sin2a  cos  O’  -  sin  0'(  1-2  cos2a)]k  . 

Pour  avoir  la  conposante  de  1?'  suivant  1' axe  des  x  ,  il  siiffit  de  garder  les  termes  en  i  ;  on  a: 

Hj  =  , t ( 1  —  2  sin2a)sin  O'  -  sin  2a  cos  +  Hg[cos  0'(l-2  siu2a)  +  sin  2a  sin  O']  . 

Il  suffit  de  remplacer  dans  cette  expression  cos  O'  .  sir  O'  .  r'  par  leurs  valeurs  tirdes  de  (3-3)  et 
(3-4)  pour  avoir  connaissant  p  ,  x  et  a  . 

Remarquons  que,  si  a  =  r/2  ,  alors  H,'  =  0  . 


4.  CAS  PARTICULIER 

Afin  de  dAternlner  les  ordres  de  grandeur  nous  traiterons  le  cas  ou  le  plan  P  est  parailAle  4  Ox  ,  soit 
a  =  0  .  On  a  alors: 

r'2  =  (4p2  +  x2)  ,  cos  O'  -  - 7  :  sin  O'  -  — -  ;  <p'  =  0  . 

r'  r' 

Done  en  tenant  coepte  de  1’  attenuation  due  4  1' absorption  en  0  et  O'  ,  on  a  A  pa’-tir  des  formulas  (2-1) 
les  composantes  cn  coordonnees  sphdriques  (r ' ,0  ,<p')  d’  un  champ  elcctromagnetique  If'  ,  fl'  requ' 

Er'  =  E^,,  =  =  0 
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V 


.2l,i  + 

kr'  V  ikr 


p-lkr'  sjn  i 

-  (l  +  e'llir'  cos  O'  , 
k3r  3  \  ikr'/ 

— 7  (l  + - 7  — 7-77)  e'lltr'  sin  O'  . 

kr'  \  ikr'  kVy 


Ho,  =  A 


La  puissance  dirigAe  srlvant  1’ axe  Ox  est  W  -  Re(T.P')  ,  c’ est-A-dire:  K  =  {  ReT(E' AH*')  et  nous 
obtenons: 


K2  up  e2<Imk’r' 

W  = - —  sin  O' 

2  lk|V3 


Re 


ik 


"2  l1  +  ^T7il77)cos  + 


?k  I  ?r 


+  r'ikl3  1  - 


ik’ 


IkPr'Alkl3  t  K  !2  r '  !k|V* 


sin  0'( T.r) 


avec  (T. O')  =  cos  O'  ;  (T.r')  =  sin  O' 

On  obtient  finalement: 


A3  e*lm(k)r'  r  2Im(k)~l 

’  =  7  Tfv5-  sl» 0  '  Mlk>  [’  -  ulvj 


avec  O'  - 


V  attenuation  entre  la  puissance  recue  et  la  puissance  liaise  tirAe  de  (2-2)  est  done: 


10  Log  —  decibels 


avec 


—  -  3  ax3 ay/  Re(k)  _  |k|3r'-2In(k) 

*.  ”  8tt  r'“lkl3Re(i))  |k|3a-2lB(k) 


•  exp[2lB(it)(r' -a)]  , 


expression  dans  laquelle  on  doit  tenir  compte  de: 


r'  =  (4p3  +  x3)l/3 


CONCLUSION 

Les  formules  Stabiles  ci-dessus  pernettent  de  calculer  la  puissance  arrlvant  sur  une  antenne  de  reception 
lorsqu’  on  connatt  la  puissance  d’  Amission,  et  la  disposition  de  1’  obstacle  par  rapport  A  1’  Arnett eur  et  au 
rAcepteur. 

Ces  formules  de  principe  sont  gAnAralisables  A  des  dispositifs  rAels  plus  coapliquAs. 
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SOMA  I  RE 


L' auteur  de  cet  expost  ttudie  pluaieuri  aspects  de  la  propagation  des  ondes  a  tres  basse  frequence. 
Lee  milieu*  de  propagation  sont  constitute  par  des  etendues  marines,  des  ilots  de  glace  flottant  sur 
la  mer,  et  des  glaces  eaprisonnees  a  1' inter ieur  des  terres.  Ce  choix  de  milieux  donne  des  resultats 
anormaux  car  il  correspond  dux  caracteristiques  physiques  de  l'Arctique  ou  de  l'Antarctique.  Ces  resul¬ 
tats  anormaux  sont  obtenus  en  raison  de  la  presence  de  trajectoires  raixtes,  de  modes  d'ondcs  de  surface, 
de  caracteristiques  inhtrentes  &  la  glace  flottante,  ct  des  effete  de  ces  milieux  sur  les  rtseaux  a  tres 
basse  frequence.  On  trouve ,  en  passant  de  la  mer  a  la  glace  flottante  a  sa  surface  (et  vice-versa),  des 
trajectoires  de  propagation  mixtes, 

Les  modes  d'ondes  de  surface  se  retrouvent  dans  la  glace  flottante  en  raison  de  l'indice  de  refrac¬ 
tion  inftrieur  de  la  glace,  mais  ces  nodes  sont  beaut- oup  plus  faibles  que  ceux  des  glaces  plus  epaisses 
(Groenland  et  Antarctique)  du  fait  de  la  longueur  d'ondes  considerable  des  ondes  &  trSs  basse  frequence. 
Ees  caracteristiques  des  glaces  en  milieu  mar in  dependent  de  leur  Sge,  des  poches  d'eau  salee  qu'elles 
renferment  et  du  volume  d'eau.  L* auteur  etudie  des  reseaux  competes  de  trois  a  cinq  elements  situes  en 
terrain  arctique  (glace  ou  toundra)  ct  dccrit  les  variations  de  fome  de  Ieur  rayonnenent  suivant  les 
paraadtres  du  milieu  ou  ila  se  trouvent.Ces  poranetres,  qui  variant  avec  le  temps,  sont  la  temperature 
de  la  glace,  son  £paisseur,  et  son  contenu  en  eau,  salee  ou  non. 

Lee  rSsultats  relatifs  aux  antennes  et  a  la  propagation  &  trSs  basse  frequence  sont  etendus  au 
spectre  des  micro-ondes  (mais  non  aux  frequences  intermidiaires)  en  ce  qui  concerne  les  ondes  de  surface 
ou  les  "ducts"  tropospheriques,  les  phenasSnes  de  relaxation  dans  l'eau  de  mer  (par  contraste  avec  les 
phenomenea  de  relaxation  de  la  glace  marine  aux  trds  basses  frequences),  et  les  effets  sur  les  reseaux 
en  phaee. 

Ces  resultats  sont  ainsi  etendus  parce  qu'ils  peuvent  etre  appliques  aux  deux  regions,  on  peut  ega- 
leaent  les  utiliser  &  des  fins  de  diagnostic  pour  la  glace  marine  et  les  milieux  de  propagation. 
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SURFACE  WAVE  PROPAGATION  FROM 
VLF  ARRAYS  IN  POLAR  SEAS 


Albert  W.  Biggs 
University  of  Kansas 
Lawrence,  Kansas  66044  U.S.A. 


SUMMARY 

This  paper  describes  VLF  surface  wave  propagation  over  open  ocean,  sea  ice,  and  glacier  ice 
path  segments.  These  propagation  path  segments  provide  mixed  path  effects  in  the  Arctic,  where  ice 
depths  range  from  those  in  new  sea  ice  to  that  of  the  Greenland  ice  cap.  The  ice  layers  introduce 
surface  waves  to  complement  mixed  path  propagation.  Some  of  the  parameters  include  frequency,  ice 
depth,  and  distribution  of  brine  pockets,  ice  spheroids,  water  content,  density,  and  temperature  ir. 
the  ice.  Antenna  pattern  distortion  of  a  linear  array  of  horizontal  dipoles  illustrates  the  dependence  of 
the  radiation  field  as  well  as  propagation  loss  on  these  parameters.  Extension  of  VLF  results  to  higher 
frequencies  is  made  for  related  phenomena. 

1.  INTRODUCTION. 

Analyses  of  radio  wave  propagation  in  polar  regions  are  useful  when  the  models  simulate  the 
actual  terrain.  Although  the  subsequent  discussion  relates  to  the  Arctic,  the  sea  ice,  the  Greenland 
ice  cap,  and  snow  covered  tundra  have  their  counterparts  in  Antarctica.  In  some  cases,  Greenland 
can  be  represented  as  a  homogeneous  medium  (l)  of  ice  with  low  electrical  conductivity.  A  more 
realistic  model  of  Arctic  terrain  is  a  two  layer  medium,  especially  with  sea  ice.  The  upper  layer  of 
sea  or  glacier  ice  above  a  lower  layer  of  sea  water,  rock,  slightly  frozen  soil,  or  fresh  water  describes 
much  of  the  polar  terrain.  The  remaining  terrain  is  sea  water,  either  in  open  stretches  of  ocean  or  in 
leads  (openings  in  the  ice)  in  sea  ice. 

The  source  is  a  horizontal  electric  dipole  on  the  surface  of  the  ice.  At  very  low  frequencies 
(VLF),  3  to  30  kHz,  the  ice  would  be  glacier  Ice  in  Greenland.  At  high  frequencies  (HF),  300  kHz  to 
3  MHz,  sea  ice  would  be  adequate  if  it  was  more  than  five  meters  in  depth  (at  the  higher  end  of  the 
HF  spectrum).  The  advantages  of  horizontal  over  vertical  dipo’us  are  in  antenna  efficiencies  and 
input  Impedances.  With  increasing  conductivity,  vertical  dipoles  are  better,  but  with  decreasing 
conductivity,  horizontal  dipoles  are  better  (1).  Another  advantage  with  either  dipole  is  the  ability 
to  formulate  radiation  fields  for  any  linear  antenna  or  array  by  superposition  of  fields  from  one  dipole 
element. 

Both  sky  and  ground  waves  are  present,  but  only  the  ground  wave  is  considered  in  order  to 
illustrate  surface  wave  and  mixed  path  phenomena  in  the  Arctic.  Although  horizontal  and  vertical 
polarizations  may  be  present,  the  high  attenuation  of  the  horizontally  polarized  wave  removes  it  from 
the  ground  wave  mode.  The  high  conductivity  of  the  sea  watPr  paths  support  the  vertically  polarized 
ground  wave  and  severely  attenuate  the  horizontally  polarized  ground  wave.  This  phenomena 
suggests  the  use  of  horizontal  dipole  transmitting  and  receiving  antennas  on  ice  islands  in  the  ocean. 

2.  SEA  AND  GLACIER  ICE. 

The  major  forms  of  ice  in  the  Arctic  Ocean  are  sea  and  glacier  ice,  differing  in  their  origin  in 
the  sea  and  on  land,  respectively.  The  electrical  properties  of  glacier  ice  (fresh  water  ice)  art 
empirical  formulations  (2),  predicted  from  3imple  theories  of  dielectric  relaxation.  They  yield  a 
complex  dielectric  constant 
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The  Important  characteristics  of  VLF  are  the  dependences  on  both  temperature  and  frequency. 

Sea  ice  has  many  forms  (3).  Although  the  Arctic  Ocean  may  appear  to  be  open  water  (in  some 
places)  in  early  autumn,  the  surface  appears  oily  because  of  the  formation  of  ice  crystals.  As  this 
"frazil  ice”  increases,  it  forms  into  large  areas  of  "sludge".  The  sludge  can  reach  a  four  to  six 
inch  thickness  overnight,  and  will  form  a  smooth  "ice  field"  over  a  foot  in  thickness. 

In  the  spring,  ice  fields  roach  a  thickness  of  five  to  six  feet,  but  become  rough  and  broken 
from  actions  of  tides,  winds,  and  currents.  Pressures  from  these  forces  buckle  the  ice  field  and 
long  "pressure  ridges"  are  formed.  "Rafted  floes"  result  from  the  action  of  one  piece  slidina  over 
another.  Release  of  pressure  may  break  the  ice  fields  into  floes  W'th  '  koos"  of  open  water  between 
them.  Shore  locked  ice  is  called  "fast  ice".  These  "ice  sheets"  and  "ice  islands",  up  to  200  square 
miles  in  area,  do  have  some  conductivity  (lossy  dielectrics)  because  of  entrapped  brine  pockets  formed 
during  the  ice  growth. 

The  usual  physical  properties  of  sea  ice  come  from  the  growth  of  ice  in  the  presence  of  salty 
sea  water.  At  equilibrium  at  a  given  temperature,  pure  (fresh  water)  ice  co-exists  with  brine  of  a 
specified  composition.  Salinity  profiles  show  that  sea  ice  is  very  jalty  when  it  first  forms,  the 
salinity  of  a  given  segment  of  ice  gradually  decreases  with  time,  and  the  vertical  salinity  profile  at 
any  given  time  has  a  characteristic  "C"  shape. 

The  brine  pockets  in  sea  ice  have  their  corollary  in  ice  crystal  spheroids  in  glacier  snow  or 
lightly  packed  ice.  These  mixtures  of  heterogeneous  particles  (including  water)  produce  changes  in 
dielectric  properties  and,  at  microwave  frequencies,  create  volume  scatter  phenomena. 

Sea  ice  is  dynamic  in  motion.  A  path  over  an  ice  island  and  an  open  lead  on  one  day  will  see 
a  new  lead  (opening  in  the  ice)  and  a  closed  lead  on  the  next  day.  Lack  of  information  on  Arctic 
sea  ice  is  from  relative  inaccessibility  and  severe  weather.  One  estimate  for  ice  cover  (4)  in 
February  is  shown  in  Figure  1. 


3 .  GROUND  WAVE  PROPAGATION . 

The  vertically  polarized  field  intensity  found  with  a  modified  saddle  point  method  (5),  is 

JLV..-R 

=  -  J.  40  X«  ^  F  U.!  4__  ,  m 

where  F(x  )  is  the  ground  wave  attenuation  function  ^ 

p  ^o')  =  t  •+  /Jx), 


(3) 
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and  x  is  the  Sommerfeld  distance, 
o 


(4) 


In  equations  (2)  and  (4),  the  dipole  monant  is  Idl,  kQ  is  the  free  space  wave  number,  nj  is  the 
refractive  index  of  the  ice,  4  Is  the  azimuth  angle  measured  from  the  dipole  axis,  R  lr>  the  distance 
from  the  antenna  source,  and  M  Is  a  depth  narameter 


K  = 


V,  —  JL 

*■  ^  W*  |  iXok, 


k,T>, 


where  the  deptl>  D  and  wave  number  kj  for  ice  appear.  Since  is  much  greater  than  kj,  the 
approximation  follows .  With  the  relatlonsnip  for  itj 


V.,'-  W.1 1 


fe  *4-  w»-  te. 


(5) 


(6) 


where  ej  and  e'  appear  in  equation  (1),  the  relaxation  phenomena  in  Ice  at  VI  r  produces  wide  changes 
with  temperature  and  frequency. 

The  influence  of  M  on  F(*0)  is  seen  in  Figures  2  and  3  where  the  magnitude  and  phase  of  F(p) 
are  described.  The  numerical  distance  p  Is  used  as  the  independent  variable.  The  positive  angle.-, 
are  the  phases  of  p  for  ground  wave  propagation  over  homogeneous  earth,  identical  with  conventional 
ground  wave  curves.  The  negative  angles  are  ground  wave  propagation  over  layered  earth.  The  curve 
for  -SO*  is  a  ground  wave  over  lossless  ice  above  infinitely  conducting  sea  water,  increasing  with  the 
square  root  of  distance.  When  F(p)  is  divided  by  the  distance,  the  curve  for  -90*  is  a  ground  wave 
proportional  to  die  inverse  square  root  of  distance.  The  increase  in  intensity  can  be  compared  with 
waves  in  free  jpace,  where  F(p)  is  unity.  Curves  above  unity  are  waves  with  less  attenuation  than 
those  in  fine  space.  A  decrease  in  F(pl  is  found  for  incieasing  positive  phases  of  p.  The  asymptotic 
F(pl  varies  .nversely  with  p  except  at  -90* .  Fluctuations  in  the  magnitude  of  F{p)  have  been  observed 
by  King  (6)  In  similar  studies.  As  the  phase  approaches  -90* ,  the  fluctuations  and  asymptotic 
beharior  in  F(p)  occur  at  larger  values  of  p. 

The  phase  of  F(p)  is  presented  in  Figure  3  as  a  function  of  the  magnitude  and  phase  oi  p.  In 
homogeneous  earth,  where  the  phase  of  p  varies  from  0*  to  +90*,  the  phase  of  F(p)  increases 
monotonlcally  to  an  asymptotic  value  when  the  magnitude  of  p  exceeds  10.0.  In  layered  terrain, 
represented  by  phase  "ariations  from  0*  to  -90* .  the  phene  of  F(p)  reaches  a  maximum  value  a:vJ  then 
exhibits  moderate  oscillations  before  smoothing  cv.i ''  an  asymptotic  vvja.  The  fluctuations  in  the 
phase  of  F(p)  coincide  with  those  in  the  coi.cc  ponding  magnitude  of  F(p>.  If  the  magnitude  and  phase 
of  F(p)  are  desired  for  a  phase  of  p  in  the  negative  range,  these  curves  canr.ut  be  interpolated  for 
Intermediate  points. 


4 .  MIXED  PATH  EFFECTS . 

A  vertically  polarized  grouna  wave  over  homogeneous  ice  attenuates  at  a  rate  described  by  the 
ground  wave  attenuation  function  for  the  ice  (7)  until  it  reaches  the  boundary  of  an  adjacent  ocean. 

At  the  shoreline,  it  Increases  as  a  "recovery  effect"  for  a  short  distance  and  then  attenuates  at  a 
rate  described  by  the  ground  wave  attentuation  function  for  tho  sea.  If  the  wave  originates  at  sea, 
then  it  experiences  a  “dropoff  effect"  after  passing  the  shoreline  to  the  ice.  The  dropoff  effect  is  a 
decrease  ii  field  intensity  for  a  short  dlstancu  followed  by  attentuation  determined  by  the  ground 
wave  attenuation  funct'on  for  the  ice. 

When  the  homogeneous  ice  corresponds  to  Greenland,  the  mixed  path  described  may  be 
satisfactory.  When  tho  ice  is  not  homogeneous,  but  is  an  upper  layer  of  sea  ice  above  a  lower 
layer  of  sea  water,  brine,  or  highly  (relatively  with  respect  to  the  ice  layer)  conducting  soil,  vnen 
the  dropoff  effect  may  change  to  a  recovery  effect,  create  no  change  at  all,  or  oscillate  !n  both 
amplitude  and  phase.  The  instabilities  in  amplitude  and  phase  in  the  ground  wave  result  from  the 
surface  wave  generated  in  a  stratified  medium  where  the  upper  layer  has  a  lower  refractive  index  than 
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that  of  the  lower  layer.  These  instabilities  are  frequently  t.-cwii'ifed  In  the  Arctic,  at  high 
frequencies  (HF)  where  sea  ice  Is  encountered  almost  continuously  tnrough  the  year.  Communication 
instabilities  have  been  encountered  ir»  the  Arctic  Ocean  at  HF  (8)  and  In  the  vicinity  of  Foint  Barrow, 
Alaska  at  medium  frequencies  (Mr)  (9). 

When  one  path  (sea  water)  has  a  large  rofractlve  index,  p  will  be  less  than  unity  for  the  entire 
mixed  path.  In  the  left  side  of  Figure  4,  p2  for  sai  13  much  'ess  than  1.0,  and  Pj  for  ice  is  greater 
than  2.0.  The  dronoff  and  recovery  effects  appeal  In  the  upper  and  lower  parts  of  the  curves. 

5.  RESULTS. 

The  influence  of  layer  depth  Is  seen  In  Figure  5,  where  the  magnitud  if  F(p)  appears  for  a 
variable  layer  of  soli  wnn  0.0001  mhos  per  meter  (m/m)  above  a  layer  of  sou  with  0.1  m/m.  The 
frequency  of  10.0  kHz,  for  this  and  subsequent  examples,  has  a  wavelength  of  30  km,  and  the  depth 
and  distance  are  in  units  of  XQ,  the  free  space  wavelongth.  For  example,  a  depth  of  0.003?  is 
111  meters  (m).  A  distance  of  100  X0  is  3000  km.  In  the  HF  range,  \Q  Is  300  m  for  1.0  MHz,  and 
the  depth  drops  to  1.11  m.  Although  these  depths  are  large  at  VLF,  they  drop  to  practical  values  at 
rising  frequencies.  Even  at  30  kHz,  the  above  depth  drops  to  37  m. 

In  Figure  6,  F(p)  is  given  for  an  upper  layer  of  ice  at  -0. 1*  C  above  sea  water  at  j.  0  m/m.  A 
change  cf  ♦emrerature  to  -20.9*  C  appears  in  Figure  7.  In  Figure  8,  the  depth  is  fixed  at  0.0267  XQ 
for  different  leu  temperatures  above  sea  water. 

Homogeneous  ice  is  presented  m  Figure  9  as  part  of  a  mixed  path  for  a  ground  wave.  The  ice 
has  a  te;  oerature  of  -20.9*  C.  Since  the  refractive  index  of  sea  water  is  high  at  VLF,  p  is  less  than 
unity  in  the  mix-d  path  distance  and  F(p)  is  a  horizontal  line  equal  to  1.0  for  sea  water  pa  .ha .  The 
lowest  curve  is  Figure  9  is  for  homogeneous  ice  paths. 

Initial  path  lengths  of  4,  10,  40,  100  X0's  over  ice  are  followed  with  the  balance  over  sea 
water.  The  recovery  effects  for  the  ice  to  sea  paths  are  heavy  lines  superposed  on  the  F(p)  curve 
for  the  ice  part  of  the  path.  The  dropoff  effects  are  presented  for  initial  path  lengths  of  4,  10,  40, 

100  Xq's  over  sea  with  the  balance  over  ice.  The  curves  for  each  path  are  horizontal  along  the 
"sea"  curve  until  the  boundary  is  reachad.  Their  pattern  over  the  remaining  ice  is  shown  in  dashed 
lines. 

The  influence  of  stratification  is  shown  in  Figure  10.  The  curve  for  F(p)  is  for  ice  with  a  depth 
of  1000  meters  or  0.04  XQ.  The  tower  layer  is  sea  water.  The  horizontal  line  at  F(p)  equal  to  1.0 
represents  sea  water  as  it  did  for  the  homogeneous  ice  and  sea  path.  The  curve  for  the  layer  of  ice 
is  different  from  the  curve  for  homogeneous  ice  in  four  aspects.  It  exceeds  the  free  space  attenuation 
of  inverse  distance  at  F(p)  equal  to  unity  for  several  wavelengths,  an  increase  in  F(p)  is  obse.ved  near 
the  source,  nuctuations  are  encountered  with  increasing  distance,  and  higher  attenuations  than 
inverse  distance  squared  are  present.  These  differences  reyult  in  mixed  path  effects  in  variable 
forms.  The  same  ice  to  sea  paths  are  f  '  owed  as  in  the  homogeneous  ' curves.  Instead  of  recovery 
effects,  dropoff  effects  are  found  in  *.ne  curves  for  4  and  10  X0's.  The  recovery  effects  are  found  in 
the  ice  to  sea  paths  when  the  distance  over  ice  was  large  enough  for  F(j  '’  to  be  much  smaller  th..,i 
unity.  The  increase  in  the  recovery  effect  with  distance  is  ot  found  in  the  same  sequence  as  that 
for  homogeneous  ice.  The  asymptotic  curves  are  following  the  F(p)  curve  for  layered  ice,  but  are 
located  on  both  sides  of  it.  The  phase  associated  with  the  mixed  path  are  shown  in  Figures  11  and  12. 
Figure  11  is  a  parametric  set  of  phase  lags  for  paths  from  homogeneous  ice  to  sea  water  with  distances 
of  0.1,  0.25,  0.5,  1.0,  2.0,  and  4.0  Xq's  on  the  ice.  Figure  12  Is  similar  except  for  stratification 
effect  j .  The  anomalous  phase  effect  is  evident  in  Figure  12  for  the  layered  path  segment. 

6.  VLF  ARRAYS. 

In  the  development  of  a  linear  array,  the  variables  in  each  element  are  the  amplitude  and  phase 
of  the  radiated  fields  with  respect  to  the  remaining  elements.  Modulating  the  amplitude  or/ond  the 
phase  creates  a  pattern  with  desired  characteristics.  When  the  elements  are  horizontal  electric 
dipoles  on  ice  at  VLF,  the  space  of  a  few  miles  will  be  sufficient  to  cause  distortion  bocause  of 
non-uniform  temperature  conditions,  sinning  of  elements  into  the  ice  (causing  a  phase  shift),  or 
physical  changes  ir  the  terra!.,.  The  major  consideration  in  VLF  arrays  is  the  Impact  of  the  environ¬ 
ment  on  the  pattern. 
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7.  CONCLUSIONS. 

Mixed  path  and  surface  wave  propagation  in  Arctic  terrain  creavo  anomalies  in  measurements 
If  these  phenomena  are  mt  considered.  The  neglect  of  sky  wave  modes  would  be  more  critical  as 
distance  from  the  source  Increases.  As  Indicated  in  the  puper,  the  transition  region  between  propaga¬ 
tion  paths  was  issumad  to  be  abrupt.  A  linear  transition  from  the  conductivity  and  dielectric  constant 
of  one  path  to  tho.:e  of  the  next  path  would  be  more  relevant.  Also,  a  linear  transition  between  layers 
.7ouid  also  be  more  relevant. 
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MAGNITUDE  OF  p 


Fig.  2  Magnitude  of  the  ground  wave  attenuation  function  F(p)  for  phases  of 

-90°  to  +90° 


from 


Fig.  3  Phase  of  the  ground  wave  attenuation  function  F<p)  for  phases  of  p  from 

-90°  to  +90° 


GROUND  WAVE  FIELD  IHTENS 


Fig.  4  Mixed  path  propagation  for  large  and  small  p  in  the  path  segments,  and  for  large 

p  in  both  segments 


DISTANCE  IN  X» 


Fig.  5  Ground  wave  attenuation  for  a  verying  layer  of  0,  0001  m/m  soil  abo/e  0.10  m/m  soil 


magnitude  or  r«r>  magnitude  or  r<») 
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ICC  TO  St*  PATH 

- St*  TO  ICC  PATH 

SOUNOANICS  AT  4,  10,  40,  100 


Fig,  10  Aiiipl itiitle  va>  latlon  instabi¬ 
lities  from  floating  sea  tee  to  sea 
water  paths 


Fig.  11  Phase  variation  from  homo¬ 
geneous  ice  to  sea  water  paths 
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SOMMAIRE 


Les  recherches  en  .'.ause  avaient  pour  objectif  essentlel  la  mlse  au  point  d'une  methode 
simple  et  raisonnable  permettant  de  determiner  la  zone  sous-mari.ie  susceptible  d'etre  couverte  par 
une  station  radio  £mettant  dans  le  domaine  des  basses  et  tr£s  basses  frequences.  Nous  avor.s  eu 
recours  4  cette  methode  pour  choisir  l'emplacement  et  la  frequence  optima  d'une  station  qui  fonctioo- 
nerait  dans  une  zone  definie  entourant  la  Suede. 

Nous  avons  utilise  comme  base  de  calculs,  une  carte  indiquant  la  repartition  de  la 
salinite  des  eaux  entourant  la  Su4de.  L'intensite  de  champ  des  ondes  de  surface  er.  fonction  de  la 
frequence  et  de  la  distance  a  et6  culcul6e  4  1'aide  de  methodes  classiques.  Des  corrections  ont  ete 
faites  pour  tenir  compte  de  l'influcnce  de  l'interf6rence  des  ondes  d'espace.  Nous  avons  egalement 
tenu  compte  des  variations  diurnes  et  saisonnieres  intervenant  dans  la  position  du  minimum  principal. 
L'intensite  de  champ  n6cessaire,  au  niveau  de  la  mer,  4  la  reception  4  une  certaine  profondeur  a  ete 
determinde  en  considerani  4  la  fois  les  bruits  thermiques  et  atmosph6riques. 

Sur  la  base  de  ces  donnees,  nous  procedons  4  des  calculs  sur  echantillons  pour  determi¬ 
ner  la  somme  de  puissance  emise  qui  est  requise  en  fonction  de  la  frequence  pour  plusieurs  combi- 
naisons  d'emplacement  d’emetteur  et  de  recepteur.  Nous  montrons  en  outre  comment  une  hauteur 
maximale  fixe  d'antenne  influence  les  resultats. 

Nous  etudions  enfin  certaines  methodes  simples,  semi-graphiques,  permettant  de 
determiner  les  diverses  profondeurs  de  reception  pour  l'ensemble  de  la  zone  consid6ree. 
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SOME  RESULTS  IN  CONNECTION  WITH  A  SEARCH  FOR  MAXIMUM  UNDERWATER 
LF/VLF  COVERAGE 

Rune  Lindquist 

Research  Institute  of  National  Defence, 

FOA  31*6 

S-10l*  50  Stockholm,  Sweden 


SUMMARY 

The  main  objective  of  this  investigation  has  been  to  find  a  reasonable  simple  method  of  determining  the 
underwater  coverage  from  a  radiostation  in  the  LF/VLF  range.  The  sea  water  attenuation  is  computed  froD 
a  map  showing  the  distribution  of  salinity  in  the  waters  surrounding  Sweden.  The  ground  wave  field  strength 
as  a  function  of  frequency  and  distance  has  been  computed  by  classical  methods.  Corrections  have  been  ad¬ 
ded  to  take  account  of  the  influence  of  sky  wave  interference.  The  field  strength  required  at  sea  level 
to  permit  reception  at  a  certain  depth  lias  been  determined  by  considering  both  thermal  and  atmospheric 
noise. 

The  use  of  the  method  is  demonstrated  in  a  search  for  optimum  choice  of  frequency  for  a  station  serving 
a  specified  area  around  Sweden.  It  is  further  shown  how  a  fixed  maximum  antenna  height  will  influence  the 
results.  Finally,  we  discuss  some  simple  semi-graphical  methods  for  determining  the  various  reception 
depths  in  the  whole  area. 

1 .  INTRODUCTION 

This  paper  deals  with  computations  of  the  coverage  of  an  LF-transmitter  intended  for  under-water  communi¬ 
cations.  Rigorous  computations  can  be  made  with  a  computer  program  and  a  detailed  knowledge  of  all  the 
physical  parameters.  However,  many  times  this  method  is  too  sophisticated,  it  is  ofter  quite  satisfactory 
to  obtain  the  final  results  with  an  accuracy  of  a  few  decibels.  For  those  cases  v ill  the  methods  discussed 
in  this  paper  be  sufficient. 

As  an  example,  we  will  carry  through  a  computation  of  the  required  radiated  power  at  the  best  choice  of 
frequency  for  a  transmitter  placed  at  a  hypothetical  fired  location  in  Sweden.  Further  is  specified  which 
area  around  Sweden  it  is  supposed  to  cover  and  to  what  depth  communication  should  be  possible.  Some  data 
are  given  stating  the  sensitivity  and  noise-factor  of  the  receiver  and  its  ferrite-antenna. 

The  minimum  field  strength  required  for  communication  is  ultimately  determined  by  noise.  Depending  on  the 
type  of  modulation  used,  one  requires  a  certain  aignol/noisevalue  in  order  to  have  a  specified  reliability 
in  the  communication  system.  We  have  chosen  to  determine  the  field  strength  that  is  equal  to  the  noise 
power  in  the  same  bandwidth  as  the  minimum  required  field  strength.  This  way  the  user  can  afterwards  compute 
the  transmitted  power  that  is  required  for  the  actual  choice  of  modulation-system. 

Two  types  of  noise  have  been  considered,  thermal  noise  at  the  receiver  input  and  atmospheric  noise  at 

sea  level  above  the  receiver.  The  latter  is  frequency  dependent  and  also  depending  on  time  of  day  and  season. 

The  former  is  only  frequency  dependent. 

2.  FIELD  STRENGTH  REQUIRED  TO  OVERCOME  THE  THERMAL  NOISE 

Wave  propagation  from  the  transmitter  to  the  receiver  under  water  takes  place  along  the  surface  to  a  point 
immediately  above  the  receiver.  From  there  it  goes  vertically  down  through  the  water  to  the  receiver.  It 
is  therefore  natural  to  start  by  computing  the  field  strength  at  sea  level  which  is  required  in  order  to 
obtain  a  signal  level  at  the  receiver  input  equal  to  the  thermal  noise. 

The  propagation  path  is  shown  in  fig  1.1-1.  We  assume  that  the  receiving  antenna  is  a  rod  of  ferrite  material. 
The  electromagnetic  field  at  the  antenna  will  then  induce  a  voltage,  V(z),  at  the  input  of  the  receiver 

V(z)  «  h  ’  E(z)  ( l»  1-1 ) 


where 

h  ■  effective  antenna  length  in  meters 
E(z)  ■  electric  wave  field  at  receiving  antenna 
2n  .  N  .  A  .  f  .  u, 
h  “ - 


10 


T 


rod 


(1.1-2) 


where 

N  *  number  ofgturns 
A  «  area  in  m 
f  *  frequency  in  Hz 

prod  *  re^at^ve  permeability  of  rod  material 
In  air  we  have 


E  *  120  n  .  H 


(1.1-3) 
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where 

H  ■  magnetic  field  strength. 

The  magnetic  field  is  continuous  when  passing  through  the  boundary  between  air  and  water.  We  can  there¬ 
fore  write  the  following  expression,  valid  for  a  ferrite  antenna  both  above  and  below  the  boundary 

V(z)  *=  120  it  .  h  .  H(z)  (1*1-4) 

The  signal  power,  P(z),  available  from  the  antenna  at  a  certain  depth,  z,  is 


where  R  »  resistive  part  of  antenna  impedance. 

From  Eq  ( l»i— 1»)  and  (1*1-5)  we  get 

P<«)  -  h-  .  Eq  .  Ho  .  A(z)  (1.1-6) 

where  Eq  and  Hq  «  electric  and  magnetic  field  components  in  air  at  the  boundary 
A(z)  •  attenuation  function  for  the  field  in  water 

-l*ti  .  10  **  .  z  .  /  10  f  o  (1*1-7) 

A(z)  ■  e 


where 

z  «  depth  in  m  below  sea  level 
f  ■  frequency  i  Hz 
o  *  conductivity  of  water,  in  S/m. 


Let  P  be  the  thermal  noise  power  at  the  receiver  input  in  the  chosen  bandwidth.  The  penetration  depth 
is  then  given  by 


P(z)  ■  PH 


tn 


or  from  Eq  (1*1-6) 


E 

o 


2/RJ_Ptn 
h  /  A(z) 


(1*1-8) 


('*1-9) 


Knowing  the  values  of  R  and  P.  for  the  actual  receiver  installation  it  is  easy  to  compute  the  required 
field  strength  at  the  surf ace,  « ,  for  communication  to  a  certain  depth,  z,  as  a  function  of  frequency  and 
the  conductivity  of  the  sea  water. 

• 

Some  results  are  given  in  Table  1*1-1,  They  apply. to  a  typical  receiver  with  a  bandwidth  of  200  Hz  and  give 
the  required  field  strength  for  communication  to  a  depth  of  10  meters.  The  values  are  also  shown  in  Fig 
1*1-2. 


Table  1*1-1.  Required  field  strength,  E0,  at  sea  level  for  communication  (signal  a  thermal  noise)  to  a 
depth  of  10  meters  ss  a  function  of  salinity,  conductivity  and  frequency.  Receiver  bandwidth  is  200  Hz. 


Salinity 
at  10  C 
o/oo 

4,0 

Conductivity 

S/m 

0,5 

Frequency 

kHz 

25 

50 

100 

Req.  field  strength,  E  , 
at  sea  level  in  dB/1  uv/m 

23,9 

23,9 

31,3 

25 

32,1 

8,1 

1 

50 

35,6 

100 

47,1* 

25 

43,6 

16,8 

2 

50 

51,4 

100 

69,4 

25 

59,4 

36,5 

1. 

50 

73,4 

100 

101,5 

10-3 


3.  FIELD  STRENGTH  REQUIRED  TO  OVERCOME  THE  ATMOSPHERIC  NOISE 

It  is  a  vellknovn  fact  that  the  atmospheric  noise  is  depending  on  location,  oime  of  day  and  season.  The 
world  distribution  of  the  atmospheric  noise  and  its  variations  can  be  found  in  CCIR  Report  322  [j*1-l]. 

As  the  geographic  area  which  is  of  interest  in  this  investigation  is  rather  small,  w,.  have  assumed  that 
the  noise  is  constant  vithin  this  area.  Inspection  of  the  variations  in  noise  field  strength  with  time 
of  day  and  season  showed  that  it  would  be  sufficient  to  consider  three  cases.  They  are  June  day,  November 
day  end  June  night.  With  the  use  of  Ref  1 — 1 J  wc  found  the  noise  values  as  a  function  of  frequency  and 

corrected  them  to  give  the  upper  decile  values.  Some  samples  are  given  in  Table  1*1-2. 


Table  Ul— g.  Atmospheric  noise  field  strength  not  exceeded  during  90Jt  of  the  time. 


Freq.  Atmospheric  noise  field  strength,  bandwidth  200  Hz 
kHz  dB/  1  yV/m 


Da£  Night 


June 

Nov. 

15 

57,5 

45,5 

1*8,5 

30 

50,5 

39,0 

1*3,5 

60 

1)3,5 

29,5 

38,0 

The  atmospheric  noise  during  night  hours  3hows  very  small  variations  with  the  season.  The  noise  values 
are  also  shown  in  Fig  It  1-2. 


It.  COMPUTATION  OF  THE  TRANSMITTED  POWER  REQUIRED  FOR  A  SPECIFIED  CIRCUIT 
It.  1  Method  of  calculation 

Suppose  ve  want  to  compute  the  transmitted  power  that  is  required  in  order  to  produce  a  signal  equal  to 
the  thermal  or  atmospheric  noise  at  a  certain  depth  and  at  a  certain  distance  from  the  transmitter.  The 
method  for  doing  this  computation  is  rather  straighforward.  First,  using  the  information  given  in  a  pro¬ 
ceeding  chapter,  we  compute  the  equivalent  field  intensity,  E  ,  required  at  the  surface,  to  give  a  signal 
equal  to  the  noise  at  *he  input  of  the  receiver.  Then,  using  the  information  on  atmospheric  noise,  we 
compute  the  equivalent  field  intensity  of  the  atmospheric  noise,  E  ,  at  the  surface  of  the  sea  and  as  a 
function  of  season  and  time  of  day.  Whichever  is  highest,  E  ,  or  e£,  determines  the  required  field  inten¬ 
sity  from  the  transmitter.  Using  conventional  methods  we  then  can  compute  the  field  strength  at  this  point 
from  a  transmitter  with  an  output  power  of  say  1  kW.  This  time  we  have  to  take  account  of  both  ground-. and 
sky-wave  propagation.  The  resulting  field  is  compared  with  the  required,  the  difference  given  the  required 
actual  transmitted  power. 

U.2  Computing  the  required  field  strengths  Eq  and  En . 

In  order  to  compute  E  at  a  certain  receiver  location,  we  must  have  knowledge  of  the  salinity  of  the  water 
in  this  area.  The  salinity  of  the  water  tround  Sweden  varies  within  wide  limits,  from  on  the  extreme 
westcoast  to  2f»  in  the  northern  part  of  the  Gulf  of  Botnia.  Further,  there  are  local  variations  and  also 
variations  with  the  time  of  year.  The  salinity  has  also  a  general  tendency  of  increasing  with  the  depth. 

The  electrical  conductivity  as  a  function  of  salinity  is •  also  temperature-dependent.  By  using  all  the  infor¬ 
mation  we  could  get  from  primarily  coast  guard  stations,  light-houses  and  weather-stations  we  have  drawn 
a  map  showing  the  approximate  distribution  of  salinity  in  the  waters  around  Sweden. 

This  map  has  been  converted  into  a  map  showing  the  distribution  of  the  values  of  glectrical  conductivity, 

Fig  Ul— 3.  At  this  point,  »c  have  assumed  that  the  surface  temperature  has  been  10  C.  We  know  that  tempera¬ 
ture  is  decreasing  with  depth  but  we  have  assumed  that  this  will  be  compensated  by  the  increase  in  salinity. 
We  have  con«i'?»r<:d  the  values  given  in  Fig  1)1-3  as  becing  constant  both  with  time  of  day  and  time  of  year. 
For  a  more  precise  determination  it  is  always  possible  to  add  correction  terms  to  take  care  of  the  yearly 
fluctuations.  The  map  of  the  electrical  conductivity  in  Fig  1)1-3  is  the  basis  for  all  computations  of  the 
attenuation  of  the  electromagnetic  waves  in  the  sea  water. 

The  atmospheric  noise-field  has  on  the  other  hand  a  very  pronounced  dependence  on  the  time  of  day  and 
year.  A  study  of  these  variations  showed  that  it  was  necessary  to  make  the  computations  lor  three  diffe¬ 
rent  cases,  local  noon  in  June,  local  noon  in  November  and  for  night  conditions.  Another  reason  for  making 
the  computations  for  three  different  time  intervals,  is  that  the  received  field  strength  also  is  depending 
on  time  of  day  and  year.  Typical  values  of  the  strength  of  the  atmospheric  noise  field  are  shown  in  Table 
1)1-2.  In  Fig  1)1-1)  curves  are  presented  which  show  the  atmospheric  noise  amplitudes  as  a  function  of  fre¬ 
quency  for  three  different  seasons. 

1).3  Computing  the  received  field  strength,  E^,  at  sea  1  jvel. 

The  principal  component  of  the  received  field  at  these  .comparatively  short  distances  is  determined  by  the 
ground  wave.  The  field  strength  of  the  ground  wave  as  a  function  of  conductivity,  frequency  and  distance 
can  easily  be  found  in  the  literature  [j)1-2j.  We  have  used  this  material  to  draw  curves  showing  the  field 
strength  as  a  function  of  distance  for  various  frequencies  in  the  band  15  -  60  kHz.  All  „ue  curves  are 
drawn  for  o  *  I)  S/m.  Some  of  the  paths  are  along  ground  with  muen  leBser  conductivity,  however  for  the  com¬ 
pare.  ively  short  distances  involved  the  error  when  using  c  ■  U  instead  of  the  actual  conductivity  is  rather 
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snail.  When  dealing  with  longer  paths,  it  is  necessary  to  go  to  th.  trouble  of  taking  full  account  of  the 
influence  of  the  various  conductivities.  A  sample  of  ground  vave  field  strength  ao  a  function  of  distance 
is  shown  in  Fig  1*1-5.  It  is  assumed  that  the  radiated  power  is  1  kW.  We  also  assume  that  the  ground  wave 
is  independent  of  time  of  day  and  year. 

We  have  also  taken  account  of  the  influence  of  the  sky  vave  component.  The  amplitude  of  this  component 

is  Btrongly  influenced  by  time  of  day,  time  of  year  and  frequency.  There  is  of  course  also  to  be  expected 

variations  in  the  field  strength  in  connection  with  magnetic  storms  or  similar  phenomena,  these  cases  have 
not  been  considered.  A  study  of  the  variations  at  different  times  and  seasons  shows  that  we  will  cover  the 
extreme  cases  if  we  make  calculations  of  the  sky  wave  field  as  a  function  of  distance  and  frequency  for  the 
same  time  periods  as  used  for  the  atmospheric  noise  fields. 

A  very  suitable  method  for  predicting  the  sky  wave  field  strengths  is  published  by  Belrose  [l*1-3j ,  this 
method  will  also  be  published  in  an  updated  version  it.  a  report  from  CCIR,  IWP  VI/5.  A  sample  of  the  com¬ 
puted  sky  vave  field  strength  as  a  function  of  distance  is  also  shown  in  Fig  1*1-5. 

At  the  receiving  point,  sky  wave  and  ground  wave  will  add  vectorially.  We  have  here  considered  the  static 
case,  i.e.  only  used  the  phase  difference  between  the  ground  wave  and  sky  wave  which  is  due  to  different 
gecxie*rical  path  lengths,  A  sample  of  the  resulting  combined  field  is  also  shown  in  Fig  1*1-5.  However,  this 
curve  will  not  be  very  suitable  in  the  practical  case.  Due  to  several  factors,  for  example  turbulence  in  the 
ionosphere,  the  phase  of  the  sky  wave  will  be  continuously  shifting  in  a  random  manner  around  the  geometrical 
value.  It  is  then  better  to  compute  a  factor  with  which  the  field  strength  of  the  ground  wave  should  bt  re¬ 
duced  in  order  to  compensate  for  the  influence  of  the  sky  vave. 

This  factor  will  be  depending  on  the  required  percentage  of  time  the  resulting  field  strength  should  be 
exceeded.  We  have  choosen  to  set  this  limit  at  90  X  of  the  time.  The  factor  is  determined  by  the  ratio  of  the 
amplitudes  of  the  ground  wave  and  The  sky  wave.  The  reduction  factor  in  dB  as  a  function  of  this  ratio  is 
shown  in  Fig  1*1-6.  As  can  be  seen  from  Fig  1*1-6,  the  ground  vave  can  be  reduced  up  to  10  dB.  This  happens 
within  the  region  where  the  amplitudes  of  th->  ground  wave  end  the  sky  wave  are  of  the  same  order  of  magni¬ 
tude,  this  te  often  referred  to  as  the  chief  minimum.  Theoretically,  the  field  strength  would  be  reduced 
to  zero,  however  due  to  the  instabilities  in  the  phase  o"  the  sky  wave  we  discusred  before,  this  will  hap¬ 
pen  only  momentarily.  Beyond  this  region  the  sky  wave  w; U  dominate.  In  order  to  avoid  the  resulting  se¬ 
vere  fading  conditions  in  that  region,  we  have  limited  the  service  area  of  the  transmitter  to  slightly 
beyond  the  chief  minimum.  An  example  of  the  corrected  ground  wave  field  strength,  E  ,  as  a  function  of 
distance  and  at  different  times  of  the  year  is  given  in  Fig  1*1-7, 

l*.l*.  Computation  of  the  optimum  frequency  when  covering  a  certain  area. 

As  a  hypothetical  case  we  have  assumed  that  we  want  to  place  a  transmitter  at  the  location  marked  sn  the 
map  shown  in  Fig  1*1-8.  The  transmitter  shall  be  able  to  furnish  a  received  signal  equal  to  the  noise  level 
at  the  receiver  within  an  area  where  the  outermost  points  are  marked  A,  B  and  C.  The  reception  depth  is 
assumed  to  be  10  meters. 

From  the  preceeding  information  we  can  first  determine  the  conductivity  of  the  sea  water  at  the  different 
receiving  points  and  also  the  distance  from  the  transmitter.  We  find  frem  the  map  in  Fig  1*1-3 


Receiving  point 

Conductivity  S/m 

Distance,  transm. -receiver 

A 

3,2 

200 

B 

1,0 

1*00 

C 

0,8 

500 

We  can  then  determine  the  values  of  5  ,  E  and  E  for  each  of  the  three  receiving  points  at  a  number  of 
frequencies  within  the  frequency  bandof  interest.  This  has  to  be  repeated  for  the  three  different  times 
we  disci,  sed  before,  i.e.  June  day,  November  day  and  June  night.  For  each  frequency  end  for  all  three 
receiving  points  we  compare  the  received  field  intensity  at  sea  level  from  a  transmitter  of  1  kW  with  the 
highest  required  field  intensity,  determined  by  E or  E  .  This  gives  the  required  transmitter  power.  The 
highest  of  the  thi«e  values  for  A,  B  or  C  will  he°the  r?sulting  required  transmitter  power  for  that  par¬ 
ticular  frequency  in  order  to  cover  the  intended  area.  An  example  of  this  calculation  for  a  frequency  of 
25  kHz  and  on  a  June  day  is  shown  in  Table  1*1-3. 


Table  1*1-3.  Calculation  of  Eq,  En,  E^  and  the  resulting  required  transmitter  power  in  dB/1  kW  for  a  June 
day  and  on  a  frequency  of  25°kHzi 


Receiving  point 

Bo  dB/1  iV/m 

E  dB/1  pV/m 
n 

E  dB/1  iiV/m 

m 

Req.  increase  in 
transm.  power 
dts/lkW 

Result. increase 
in  transm,  power 
dB/1  kW 

A 

51*. 0 

52,0 

61,5 

-  7,5 

B 

32,0 

52,0 

51,0 

+  1,0 

+  5,5 

C 

29,0 

52,0 

1*6,5 

+  5,5 

In  Fig  1*1-9  is  shown  the  resulting  required  increase  in  transmitter  power  above  1  kW  for  the  three  different 
times  of  the  year  as  a  function  of  frequency.  In  order  to  be  able  to  communicate  with  a  reliability  of 
90  X  during  the  whole  year  we  have  to  choose  Uie  worst  case  for  each  frequency. 


The  resulting  cuive  is  also  shov'  in  Fig  U 1—9 •  From  that  curve  we  can  see  that  a  suitable  frequency  bar.T 
would  be  from  29  kHz  to  1*5  kHz  with  an  optimum  around  35  kHz.  This  can  seem  to  be  a  surprisingly  high 
frequency,  however,  one  must  recall  that  we  have  orly  required  a  rather  modest  penetration  depth,  50  meters. 
At  the  optimum  frequency  we  would  need  a  radiated  nower  of  about  1,0  kW(-0,5  dB/1kW)  in  order  to  produce 
a  signal  equal  to  or  greater  than  the  noise  at  the  receiver  input.  To  this  we  have  to  add  power  equal  to 
the  required  signal/noise  ratio. 

U.5  Influence  of  a  realistic  transmitting  antenna. 


In  the  proceeding  paragraph  we  .lave  considered  the  case  of  an  ideal  transmitting  antenna,  i.e.  we  have  set 
the  radiated  pover  equal  to  ratput  power  of  the  trai.  r.itter.  In  practical  applications  one  has  also  to  take 
account  of  the  efficiency  of  the  transmitting  antenna.  In  our  hypothetical  cc.se  we  have  decided  that  a 
realistic  practical  solution  would  be  to  use  sn  antenna  of  the  top-loaded  type  with  an  height  of  200  meters. 
The  theoretical  efficiency  of  this  ar.tenna  corn. 'Jed  to  an  isotropic  radiator  can  easily  be  computed,  the 
result  as  a  function  of  frequency  is  given  in  Fig  til  - 10. 


We  have  now  to  correct  the  resulting  curve  given  in  rig  1»  1— 9  in  order  to  obtain  the  corrected  curve  of 
requ’'-  I  increase  in  transmitter  output  power  as  a  function  of  irecuer.cy.  This  new  curve  is  also  shown  in 
Fig  9.  From  this  new  curve  we  see  that  the  recommended  frequen'y  targe  now  is  from  32  to  52  kHz  with 
sn  optimum  around  1*0  kHz.  At  the  optimum  we  will  need  about  10  kW(S,5  uB/1  kW)  in  order  to  have  a  signal 
equal  to  the  noise  at  the  receiver  input. 

5.  A  METH0P  FOR  MAKING  MAPS  SHOWING  THE  MAXIMUM  DEPTH  OF  RECEPTION  WITH  A  GIVEN  RADIATED  POWER 
5.1  Determining  the  geographical  distribution  of  F  . 


We  have  earlier  shown  that  the  maximum  depth  of  reception  is  a  function  of  the  thermal  noise  at  the  recei¬ 
ver  input  and  the  attenuation  in  the  sea  water.  Wit!)  a  knowledge  of  these  parameters  we  can  compute  the 
field  strength,  E  ,  that  is  required  immediately  above  the  sea-air  interface  in  order  to  produce  a  signal 
e^ual  to  the  thermal  noise  for  a  specified  depth  of  penetration  in  the  tea  water.  We  repeat  Eq  (It  1-9), 


E 

o 


2/RP. 
_ tn 

h  /  A(z) 


This  can  be  written  as 

E  *  E  .  B 
o  t 


(1*1-10/ 


where 


end 


^e  strength  required  at  the  receiver  input,  it  is  depending  on  the  technical  characteristics 
of  the  receiver  and  its  antenna  and  includes  also  the  polarization  losses  at  the  air-sea  boundary.  It  is 
frequency  dependent ,  in  Fig  I  11  we  have  shown  I,  as  i  function  of  frequency  for  the  receiver  we  speci¬ 
fied  earlier  ir  the  paper.  E^  is  here  expressed  in  dB/  1  pV,/m. 

If  we  express  Eq,  Et  and  B  in  dB  we  can  write 


E0  "  Et  ♦  B  (1*1-11) 

where  now  B  will  bo  the  total  attenuation  in  dB  to  the  specified  depth,  z  meters.  As  shown  in  Eq  (1*1-7), 

B  is  a  function  of  depth,  frequency  and  conductivity.  This  relationship  is  shown  in  Fig  1*1-12  for  a  few 
typical  frequencies  and  assuming  a  penetration  depth  of  18  meters. 

Using  Fig  1*1-3,  1*1-11  and  1*1-12  it  is  now  easy  to  construct  a  new  map  showing  E  at  a  ’yeeified  frequency 
and  with  a  penetration  dipth  of  18  meters.  We  have  choosen  to  draw  the  r  ip  for  8  frequency  of  50  kHz,  this 
choice  is  of  course  quire  arbitrarily.  The  result  is  shown  in  Fig  1*1-15. 

The  relationship  represented  by  Fig  1*1-15  can  be  written  as 

8^(50  kHz)  ->  B(>0  kHz)  +  Et(5r.  kHz)  (1*1-12) 

with  all  parameters  expressed  in  dB 

EQ(50  kHz)  *  required  field  strength  at  sea  level  and  at  50  kHz,  expressed  in  dB/1  pV/ra 
B(50  kHz)  «  total  attenuation  to  18  meters  depth  in  dB. 

E^(50  kHz)  *  equivalent  field  strength  required  at  the  receiver  input  in  dB/1  pV/m 
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It  is  nov  easy  to  convert  the  nu.p  in  Fig  bl-15  to  an  arbitrary  frequency.  We  can  write  the  general  expr-  j- 
sion 

E  (f  kHz)  «  B(f  kHz)  +  E.  (f  kHz)  (bl-13) 

o  t 

We  choose  ol«  of  the  lines  on  the  nap,  representing  a  constant  value  of  E^.  With  the  aid  o!  Fig  U*— 1 1  and 
Eq  (ltl-12)  we  can  determine  the  corresponding  value  of  tUs  total  attenuation  to  18  meters  depth  arid  at 
50  kHz,  B(50  kHz).  This  number  is  then  converted  with  the  aid  of  figur  1(1-12  into  the  new  value  of  E  (f  kHz) 
valid  for  the  frequency  f  kHz.  By  adding  the  new  value  of  Et(f  kHz)  from  Fig  1(1-1 1  one  finally  gets  the  new 
value  of  Eo,  now  valid  for  the  frequency  f  kHz.  In  this  manner  the  whole  map  can  be  redrawn  for  any  fre¬ 
quency. 

5.2  Deter-j.ning  the  coverage  from  a  specified  transmitter. 

We  now  have  maps  showing  the  required  field  intensity  at  sea  level.  If  we  want  to  find  the  coverage  from 
a  specified  transmitter,  we  have  to  consider  the  worst  condition  for  the  wave  propagation,  i.e.  night  con¬ 
ditions.  Following  the  method  outlined  earlier  :n  this  paper  we  can  compute  the  expected  field  strength, 

E  ,  as  a  fun. cion  of  distance,  using  the  actual  radiated  power.  On  a  transparent  paper  we  draw  circles 
corresponding  to  different  values  of  received  field  intensities,  the  distance  scale  used  must  be  exactly 
the  same  as  for  the  map.  This  overlay  is  placed  with  its  center  above  the  transmitting  station  on  the  map. 

By  marking  all  the  points  where  the  received  and  required  field  strength* are  equal,  we  get  contour  lines 
showing  the  coverage  for  a  penetration  depth  of  18  meters  (as  used  in  this  example). 

This  method  can  also  be  used  to  locate  the  best  position  for  maximum  coverage  frou  a  new  station.  By  sli¬ 
ding  the  .  verlay  over  the  map  it  it  very  easy  by  a  cut  and  try  -  method  to  find  the  best  position  for  the 
transmitter. 

5.2.  ■  Limitations  of  the  method. 

The  reasoning  above  is  based  on  the  fact  that  the  thermal  nri.se  is  determining  the  required  field  strength. 
As  was  shown  earlier  we  have  also  to  consider  the  atmospheric  noise.  It  is  therefore  necessary  to  check 
afterwards  if  the  atmospheric  noise  has  been  dominating  ir>  some  u.  eas.  In  those  cases  the  radieted  power 
has  to  be  modified  accordingly. 

5.3.  Determining  the  position  of  an  arbitrarily  chooser  depth  of  penetration. 

It  is  often  of  interest  to  find  the  position  of  an  arbitrarily  choosen  penetration  depth,  b  meters.  This 
can  be  done  with  the  aid  of  Fig  bl-lb.  Here  we  have  computed  SQ  as  a  function  of  B  ,  where  B  is  the  atte¬ 
nuation  in  dB/meter  and  with  the  frequency  as  parameter.  Eo  is,  as  before,  the  field  strength  required  at 
sea  level  in  order  to  produce  a  signal  in  the  receiver  input  eoual  to  the  thermal  noise  level  and  at  a 
reception  depth  of  18  meters.  From  Fig  bl-lb  we  can  determine  the  value  of  B^  that  corresponds  to  an  arbi¬ 
trarily  chosen  value  cf  E  .  If  we  now  want  to  find  a  place  where  reception  depth  only  is  b  meters,  this 
point  is  determined  by  the  requirement  that  the  field  strength  at  sea  level,  E  .  ,  shall  be 

C,D 

Eo,b-Eo,l8'  (,8-b)  •  Bn 

The  practical  procedure  is  that  one  uses  the  same  transparent  paper  vita  circles  corresponding  to  diffe¬ 
rent  received  field  strengths  as  was  mentioned  in  an  earlier  paragraph.  One  aelects  a  line  of  constant 
E  .g,  follows  this  line  until  it  crosses  a  field  strength  circle  with  the  required  new  field  strength, 
E°’g?  This  because  the  validity  of  Eq  (bi-lb)  is  based  on  the  fact  that  the  conductivity  is  kept  constant. 

6.  CONCLUSIONS 

The  purpose  of  this  paper  haf.  been  to  outline  some  methods  for  making  fast  and  still  quite  accurate  com¬ 
putations  of  transmitter  coverage  in  connection  with  underwater  communications.  We  nave  only  quoted  a 
few  applications,  the  use  of  the  method?  can  easily  be  expanded  to  cover  a  lot  more  applications. 
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Fig. 1  Showing  the  penetration  of 
electromagnetic  waves  into  the  sea 
(simplified) 


Fig. 2  Field  strength  reauired  at  sea 
level  in  order  to  give  a  signal  at  the 
receiver  input  equal  to  the  thermal 
noise.  Depth  of  receiver  is  10  meters. 
The  dotted  lines  show  the  atmospheric 
noise  level  at  different  seasons 


Fig. 3  Map  showing  the  conductivity  in  S/m  in  the  waters  surrounding  Sweden 


Fig  8  Map  .sho*Ing  the  suggested  position  of  the  transmitter  and  also  three  receiving 
A.  B  and  C.  »hlch  oeterrcine  tne  outer  area  of  expected  coverage 
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Pig. 9  Required  increase  in  radiated  power  in  dB/lk*  in  order  to  have  a  reception  depth  of 
10  meters  within  the  whole  area  The  curves  are  shown  for  three  different  seasons 
in  the  year.  In  the  figure  is  also  shown  the  resulting  curve  when  the  requirement 
should  be  fulfilled  throughout  the  whole  year.  The  top  curve  is  with  an  ideal  antenna 
and  the  bottom  curve  is  for  a  top  loaded  vertical  antenna  with  a  height  of  200  meters 


Pig. 10  Antenna  losses  as  a 
function  of  frequency  The 
curve  applies  to  a  top  loaded 
vertical  antenna  with  a 
height  of  200  meters 


Fig. 11  The  equivalent  field  strength.  Et  .  required 
at  the  input  of  the  specified  receiver  installation 
when  the  received  signal  is  equal  to  the  thermal 
noise  The  curve  applied  to  a  reception  depth 
of  18  meters 


E 


Shov.s  the  relationship  between  E0  in  (IB  1  uV'm  and  the  attenuation  in  sea  water  in 
<1B  meter  Curves  are  drawn  for  the  typical  frequencies  and  apply  to  tne  specified 

receiving  installation 
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DISCUSSIOH  ON  THE  PAPERS  PRESENTED  IN  SESSION  I 
(VLF/ELF  Propagation  in  the  Sea) 

Discussion  on  paper  1  :  "ELF  Propagation",  by  J.  GALEJS, 


Dr.  R.D.  HOLLAND  :  I  asked  for  the  radiated  power  levels  for  the  slide 

(Bunn  400  Hz  3000  km) 

(Gutton  40  40  kin) 

(Gage  5.4  15  km) 

Dr.  J.  GALEJS  s  I  do  not  recall  the  power  level  of  the  400  Hz  transmission.  Gutton  used 
a  40  KVA  generating  system.  Gage  apply  about  12  kW  to  the  antenna  and  estimate  that  500  W 
are  transmitted  on  the  fundamental  frequency  of.  a  pulse  excited  antenna. 

Dr.  Albert  BIGGS  s  Were  the  works  by  Gage  in  1968  in  Antarctica  published  ? 

Where  were  the  results  ? 

Dr.  J.  GALEJS  s  Journal  of  Geophysical  Research  1968,  Vol.  73  n°  13,  pp»  4416-4420. 

Dr.  A.  ESSMANN  :  L'orateur  a  ddcrit  l'effet  de  la  houle  sur  l'amplitude  du  champ  dans 
l'eau.  En  pratique  cet  effat  n'apparait  de  fapon  significative  que  pour  les  tres  petites 
prcfondeurs  d' immersion.  A  10  m,  de  prof^ndeur  et  aux  frequences  de  quelques  centaines 
de  Hz  l'effet  est  h  peine  observable. 

Dr.  J.  GALEJS  j  In  figure  15  there  is  a  35  dB  change  in  the  signal  level  at  f  =  20  kc/s 
as  the  instantaneous  depth  of  observation  point  below  the  waves  is  changed  from  25  to 
50  ft.  Such  fluctuations  of  the  signal  level  have  been  also  experimentally  verified  at 
VLF.  However  the  corresponding  signal  changes  would  be  smaller  at  ELF. 

Dr.  A.  WIRGIN  :  yhat  do  you  mean  by  the  reference  plane  approximation  ? 

Dr.  J.  GALEJS  ;  Fields  in  an  assumed  referenoe  plane  through  the  troughs  of  a  sinusoidal 
wave  are  computed  by  assuming  that  field  penetration  through  the  wavy  surface  is  the 
same  as  for  a  flat  surface. 

Fields  of  deeper  depthB  are  then  expressed  in  terms  of  the  fields  in  this  reference  plane. 


Discussion  on  paper  2  :  "Propagation  of  VLF  electromagnetic  waves  across  land  :  sea  boun¬ 
daries",  by  JR.  WAIT. 

Dr.  FRANCESCHETTI  :  What  about  the  accuracy  of  radio-aids  to  navigation  as  LORAN  C,  due 
to  the  problems  you  have  spoken  about  ? 

Dr.  J.R,  WAIT  :  The  same  method  may  be  applied  to  this  case  but  at  the  Loran-C  frequency 
(iejlOO  kHz)  it  is  more  convenient  to  treat  the  ground  wave  and  sky  waves  separately. 

The  Wiener-Hopf  analysis  for  ground  wave  propagation  over  a  multiple  mixed-path  on  a 
curved  earth  is  described  in  a  forthcoming  paper  in  the  journal  of  Mathematical  physics. 
It  confirms  the  previously  employed  integral  equation  methods  referenced  in  this  (Agard) 
Paper. 

1 

p 

Dr.  T.  SWIFT  s  The  next  to  the  last  slide  showing  mode  conversion  (l/c2)  indicates  that 
(2,1)  conversion  curves  are  monotonically  increasing,  './hat  asymptotic  value  do  they  reach 
as  o2  -*■  o 

Dr.  J.R.  WAIT  :  About  0.835689  Maybe. 

Dr.  D.D.  CROMBIE  j  Is  the  behaviour  of  the  mode  conversion  coefficient  with  oblique 
propagation  across  the  coastline  the  same  as  for  an  oblique  path  through  a  day/night 
transition,  when  the  angle  of  the  path  across  the  boundary  varies. 

Dr.  J.R.  WAIT  :  Yes,  more  or  less.  Coast-lines, however,  are  mere  abrupt  than  sunrise  and 
sunset  boundary  lines  in  the  ionosphere  where  VLF  radio  waves  are  reflected. 
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Dr.  D.E,  BARRICE  :  Would  Dr.  Wait  please  comment  on  two  variations  of  the  coast-line 
problem,  estimating  the  seriousness  of  these  effects  and  also  mentioning  previous  work 
if  it  is  available  t 

1)  a  straight  coastline  oblique  to  the  propagation  path,  and 

2)  a  curved  coastline 

Dr.  J.R.  WAIT  s  Oblique  propagation  across  a  coast-line  has  been  treated  theoretically 
by  E,  Feinberg  in  the  USSR  and  the  author  in  a  series  of  papers  in  NBS  Journal  of 
Research  (Radio  Propagation)  1963,  1964  and  1965.  Curved  coast-lines  have  not  been 
treated  explicitly  as  far  as  I  am  aware.  But  a  general  formulation  and  many  literature 
references  are  given  in  J.R.  Wait  "Electromagnetic  Surfaces  Waves"  Advencer  in  Radio 
Research,  Vol,  I,  157-217  Aoademio  Press,  London  1964. 


Discussion  on  paper  3  :  "Propagation  of  acoustic  or  electromagnetic  waves  in  an 
inhomogeneous  sea-tyjie  medium  with  rough  frontiers"by  M.P.  Verhaeghe  and  A.  Wirgin. 


Dr.  J.R.  WAIT  s  Please  explain  the  applicability  of  your  results  to  the  attenuation 
of  grazing  wave  propagation  of  H.F.  Radio  waves  over  the  rough  sea*. 

Dr.  A.  WIRGIN  :  An  excitation  field  radiated  from  some  physical  source  density  can  be 
represented  as  a  plane  wave  spectrum  containing  both  homogeneous  and  inhomogeneous 
waves.  Our  analysis  is  based  on  determining  tho  response  to  one  of  these  plane  (homo¬ 
geneous)  waves  j  since  Maxwell's  equations  are  linear,  the  response  of  the  Bea  to  the 
source  distribution  will  be  the  sum  of  the  responses  to  the  individual  plane  homoge¬ 
neous  and  inhomogeneous  plane  waves  that  appear  in  the  source  spectrum.  For  instance,, 
we  showed  that  the  zeroth  order  approximation  of  the  field  on  the  air-water  interface 
for  a  plane  homogeneous  wave  of  incident  angle  8^  was 


u[o)  (X,  8.)  •  I  1  ♦  rl(o)  (X,  tin  8i)  1  exp  ik^X  tin  8.  -  f^X)  cot  6^ 


vj0^  (X,  8^ )  ■  -  r1^  (X,  tin  Bj,)  j  cot  Bi  exp  ikj(X  tin  8^.  -  (X)  cot  8^) 

If  the  source  spectrum  is  of  the  foxm* 


UQ  (X,  fx)  -  J  A  <S)  exp  ikx  jsx  -  / 1  -  32  tx  J  dS 
at  the  air/water  interface,  then  we  have  by  the  superposition  principle 

u|o)  (x)  -  /  A  (3)  [l  +  r1(o)  (X,  S)  j  exp  ikx  £sx  -  \/l  -  S2'  f x  "j  dS 

vjo)  (x)  ■  J  A  (S)  ikx  /l  -  S2  jl  -  r ■1*o)  (X,  3)  j  exp  ikj_  JjiX  -  -  S2"  d3 


-where  8  «  tin  8  for  |3|  <  1 

Note  that  for  an  incident  plane  wave  (the  case  treated  in  our  paper) 


A  (S)  ■  5  (8  -  tin  8^) 


and  we  fall  back  onto  our  original  expression. 

For  a  line  source  localized  at  (XQ,  Zc)  above  the  air/water  interface 


Uo  <x*  fl>  "THol)[k  (X-Xo*  h-V] 


(H^  ■  Henkel  function) 
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whereupon 


end 


A  (S)  - - -* -  exp  -  ik.  (SXrt  -  Jl  -  S?  Z  ) 

t  A  x  o  v  O 

l*ii  / 1  -  S2 
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TttP 
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of  course  we  now  have  to  cope  with  the  problem  of  performing  the  S  -  integrals  (X,S) 

being  a  non-analytic  function  ),  but  this  is  a  classical  problem  of  integration  in  the 
complex  plane  with  which  Dr.  Wait  is  very  familiar.  Thus  our  approach  can  be  generalized 
to  take  into  acount  the  physical  sources  which  generate  ground  waves. 


Dr.  E.  BARRICK  j  In  your  perturbation  development  was  it  necessary  to  assume  the  surface 
height  small  compared  to  a  radio  wavelength  in  free  space  ? 


Dr.  A.  VIRGIN  *  The  perturbation  method  used  here  is  based  only  on  the  assunptLon  that  the 
lowest  spatial  periods  of  the  spectrum  of  the  interface  profile  functions  are  of  an  order 
of  magnitude  greater  than  the  wavelength  .  However  if  the  surface  heights  are  of  the  or¬ 
der  or  greater  than  the  wavelength  it  might  become  necessary  to  take  into  account  many 
terms  in  the  perturbation  series  (inconvenient)  or  the  series  might  cease  to  have  any 
sense  .  In  fact  it  seems  probable  that  limiting  the  perturbation  series  to  its  first 
terms  only  is  justifiedonly  in  the  case  when  the  surface  slopes  are  rather  small  .  But 
by  keeping  the  second  term  of  the  perturbation  series  which  is  equivalent  to  the  inclined 
plane  physical  optics  approximation,  the  restrictions  on  the  slopes  probably  become  less 
severe  It  should  be  pointed  out  that  a  perturbation  solution  has  been  obtained  by  M.F, 
Verhaeghe  (Optica  Acta,  to  appear, )  based  on  the  fact  that  he  surface  heights  are  an  or¬ 
der  of  magnitude  less  than  the  wavelength  . 


Dr.  G.  FRANCESCHETTI  i  I  should  like  to  have  more  informations  about  the  definition  of 
the  reflection  coefficient  . 


Dr.  A.  VIRGIN  :  We  represent  the  field  in  air  above  the  plane  Z  (fl)max  as  a  spectrum 
of  plane  waves  both  homogeneous  and  inhomogeneous  .  This  spectrum  is  discrete  in  the  pe¬ 
riodic  irregularity  case  and  continious  in  the  aperiodic  irregularity  case  »  The  graphs 
pertain  to  a  sandwich  with  periodic  walls  .  Thus  the  refleclci  diffraction  field  in  air 
is  composed  of  a  series  of  plane  waves  (or  grating  orders)  one  of  which  corresponds  to 
the  specularly  reflected  wave  from  the  plane  (f 5 ) average  .  The  amplitude  of  this  wave 
is  the  amplitude  reflection  coefficient  and  the  modulus  squared  of  this  amplitude  norma¬ 
lized  with  respect  to  the  intensity  of  the  incident  plane  wave  is  the  intensity  reflec¬ 
tion  coefficient  which  is  th?  ordinate  in  our  graphs  • 


Discussion  on  paper  4  :  Rayonnement  des  sources  electromagndtiques  placdes  dans  des  mi— 
liexuc  absorbantSJ  "PBT"  le  Prof.  R.  GABILLARD  , 


C.F.  P.  HALLET  :  Dans  la  reception  sous-marine,  est-il  plus  intdreseant  pour  atteindre 
une  reception  h  grande  profondeur  d'utiliser  un  capteur  magndtique  plutfit  qu'un  capteur 
dlectrique  ? 

Pr.  R.  GABILLARD  :  L'impddance  E/H  de  l'onde  dans  l'atmosphfire  est  de  377  ohms  '.  Dans  la 
raer  1 'impedance  de  l'cnde  rdfractde  est  de  l’ordre  du  dixifime  d'ohm  .  On  a  done  interst 
&  capter  la  composante  H  qui  est  bien  plus  intense  que  la  composante  E  •  Bien  entendu 
ceci  n'est  vrai  que  si  le  bruit  propre  de  l'antenne  ou  du  rdeepteur  intervient  .  Si  le 
bruit  provient  entifcrement  de  1' atmosphere  on  aura  le  mfime  rapport  S/B  en  captant  le 
champ  H,  qu'en  captant  le  champ  E  . 

Prof.  M.  BOUIX  :  le  rapport  des  composantes  dlectrique  et  magndtique  est  1c  mfime  pour  le 
bruit  que  pour  le  signal  k  la  mfime  frequence  . 

Pr,  R.  GABILLARD  :  C'est  exact,  mais  seulement  dans  la  mesure  ou  le  bruit  provient  entifc- 
rement  de  I'atmosphdre  .  Si  le  bruit  de  l'antenne  intervient  on  a  intdrfit  h  capter  le 
champ  magndtique  qui  est  bien  plus  intense  .  II  faut  aussi  tenir  compte  des  possibilites 
technologiqueo  de  construction  de  l'antenne  .  Une  antenne  dlectriaue  formde  d'un  trfes 
long  fil  tird  en  remorquo  par  le  sous-marin  peut  en  ddfinitive  avoir  des  performances 
meilleures  qu'une  antenne  magndtique  utilisant  des  barroaux  de  ferrite  • 
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Dr.  A.  ESSMAHN  t  Dans  le  cars  de  reception  dans  l'eau  par  dipdle  yiectrique  ou  magn^tique 
les  bruits  ne  sont  paB  spdcialement  iroduits  par  l'eau,  mais  cr€4a  par  le  sous-marin  lui- 
m6me  .  Ce  sont  les  bruits  des  couran\ s  de  corrosion  et  les  pertes  du  rriseau  du  bord  . 

Prof*  R.  GABILLARD  :  II  est  certain  que  le  sous-marin  engendre  par  son  fonctionnement 
propre  (et  en  particulier  par  les  courants  de  corrosion  qu'il  envois  dans  la  mer)  un 
bruit  important  *  la  seule  solution  semble  6tre  d'dloigner  les  antennes  du  sous-marin  en 
les  urainant  au  bout  d'une  remorque  . 


Discussion  on  paper  6  :  "Mdthode  exacte  de  calcul  de  la  distribution  de  courant  sur  une 
antenne"  ,  par  K<  BOUiX  . 


Prof.  EL  SELZER  :  Par  des  r^seaux  d' antennes  pourrait-on  gagner  en  directivity  ? 

Prof.  M.  BOUIX  s  Certainement,  par  un  phenomkne  de  groupement  en  rdceau  .  Mon  but  est  de 
fairs  un  caloul  de  forme  d'antenne,  avec  un  but  ddterminy  k  l'avance  .  On  peut  sans  doute 
augmenter  la  directivity,  sans  augmenter  les  dimensions  de  l'antenne  .  Mais,  on  aura  une 
impydance  qui  ne  sera  certainement  pas  la  meilleure  > 


Discussion  on  paper  7  :  "On  the  influence  of  the  thickness  of  excitation  gap  on  antenna 
performance"  ,  by  G.  FRANCESCHETTI  . 


Dr.  J.  WAIT  :  Are  induced  polarization  effects  important  at  the  metal-fluid  interface  in 
the  actual  E.L.F.  applications  in  the  sea  ? 

Prof.  G.  FRANCESCHETTI  :  The  induced  polarization  effects,  as  well  as  contact  resistance 
effects,  are  very  important  .  For  this  reason  we  have  switched  from  1  Kc/s  to  10  Kc/'s  the 
operating  frequency  in  laboratory  experiments  . 

Dr.  J.  GALEJS  j  Could  you  clarify  the  assumptions  used  in  deriving  the  optimum  transmitter 
and  receiver  depth  and  frequency  or  skin-depth  ? 

Prof.  G,  FRANCESCHETTI  s  For  a  fixed  frequency  ,  i.e.  skin  depth,  the  optimum  ratio  Pr/Pt 
is  obviously  obtained  for  dl  +  cfe  =  0  .  However  for  a  fixed  depth  di  +  d2  ,  it  exists  an 
optimum  frequency,  i.e.  an  optimum  skin  depth  for  which  Pr/?t  is  "maximized  . 

Dr.  A.  ESSMaNN  t  Vous  avez  mentionny  que  l'antenne  devait  fitre  courte  en  comparaison  de 
la  profondeur  de  penetration  ,,  Mais  pour  les  applications  pratiques  dans  l'eau  de  mer  il 
faut  rdaliser  une  antenne  aussi  grande  que  possjble  .  Si  l'antenne  est  trop  petite  il  est 
impossible  de  trouver  de  l'ynergie  rayonnye  k  l'extyrieur  . 

Prof.  G.  FRANCESCHETTI  :  The  assumption  of  the  antenna's  dimension  small  with  respect  to 
the  skin  depth  was  made  only  for  finding  simple  optimization  conditions  •  However,  in  the 
general  case,  these  optimization  conditions  can  always  be  obtained,  eventually  numerical¬ 
ly  starting  from  the  results  reported  in  the  printed  version  of  the  paper  . 


Discussion  on  paper  9  :  "Surface  wave  propagation  from  VLF  arrays  in  polar  seas",  by  A.W. 
BIGGS  . 


Dr.  J.  WAIT  :  a)  Please  explain  why  you  can  use  the  Millington  theory  for  the  present 
application  . 

b)  Can  you  justify  neglect  of  elevation  changes  at  the  coast  line  . 

Dr.  BIGGS  :  a)  It  has  been  supported  by  analytical  work  of  Clemmov  Bremmer,  and  Wait  . 
Some  variations  occur  due  to  mathematical  approximation  . 

b)  V'e  must  assume  flat  interfaces  with  elevation  changes,  the  path  variables 

change  . 


Discussion  on  paper  10  ;  "Some  results  in  connection  with  a  search  for  maximum  underwater 
IF/ VLF  coverage'1,  by  Dr.  LINDQUIST  . 


Dr,  J.R.  WAIT  j  Does  the  inhomogeneous  ground-sea  condition  affect  the  calculation  ? 

Dr.  LINDQUIST  :  Yes,  if  you  want  an  exact  determination  of  the  field  strength  .  However, 
we  are  only  dealing  with  comparatively  short  distances  .  The  results  will  be  accurate 
within  a  few  dB  even  when  neglecting  the  effects  of  land-sea  boundaries  . 
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SOMMAIRE 

L'auteur  dlcrit  la  realisation  d'une  antenne-bobine  deatinle  h  l'enregiatrement  d«  paraaitea 
atmosphlriques  k  trha  baaae  frequence.  On  a  calculi  lea  loia  d'lchelle  de  ce  type  de  bobine  ; 
ellea  ont  rlvlll  que  le  rapport  aignal/bruit  augments  oornse  la  puissance  3/2  du  diam&tre  pour  une 
section  transverse  donnle  du  bobinag6.  On  a  done  fabriqul  une  bobine  do  vinyl  de  2  m  de  diamfetre, 
comportant  40  000  tours  de  fil  N*  32.  La  bobine  prlsente  unc  inductance  de  6  600  Hy,  une  frequence 
do  resonance  naturelle  (avec  aa  resistance  de  capacitl  rlpartie)  de  74  Ha  et  une  resistance  en  cou- 
rant  continu  de  12  120  kSL  .  Pour  Iviter  la  formation  de  sign&ux  parasites  dana  la  bobine  sous 
l'influence  dea  vibration*  mlcf.niquea  de  cette  bobine  dana  le  champ  magnltiquo  naturel  terreat^e, 
on  a  conatruit  un  montage  anti-choc  aupportant  l'eaaieu.  La  frequence  de  resonance  du  tore  du  sys¬ 
tems  de  support  abaorbant  lea  chocs  de  la  bobine  pourrait  etre  amende  en  desaoua  de  2  Hz  et, 
par  consequent,  en  desaoua  de  la  portle  de  transmission.  Dea  Italonnages  effectula  k  i'aide 
d'une  bobine  similaire,  et  dea  calculs  ont  montrl  que  l'on  peut  obtenir  une  sensibiutl  de  9  V 
nour  1  A/m. 
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HIGHLY  SENSITIVE  ANTENNA  COIL  AND  BALL  ANTENNA  FOR  ELF-ATOMSPHERICS 

H.L. Koenig 

Eiektrophysikalisches  Institut  der  Technischen  Hochschule  Muenchen 
8  Muenchen  2,  Arcisstr.  21,  Germany 


SUMMARY 


Construction  of  an  antenna-coil  for  the  reception  of  ELF  (Extremely  Low 
Frequency )-atmoapherics  is  described. The  scaling  laws  of  such  a  coil  were  calculated 
and  showed  that  the  signal  to  noise  ratio  increases  with  the  3/2  power  of  the  diameter 
for  a  given  winding  cross  section.  The  construction  of  a  vinyl  coil  form  of  2  m 
diameter  which  is  wound  with  4o  ooo  turns  of *32  wireis  described.  The  coil  has  an 
inductance  of  66oo  Hy,  a  natural  resonance  frequency  (with  its  distributed  capacitance) 
of  74  Hz  and  a  d.c.  resistance  of  12o  kst  .  To  avoid  parasitic  signals  in  the  coil 
due  to  mechanical  vibrations  of  the  coil  in  the  natural  magnetic  field  of  the  earth, 
a  shock  mount  (torsional  resonance  frequency  below  2  Hz)  to  support  the  axle  waB 
developed.  Calibrations  and  calculations  showed  that  a  sensitivity  of  9  V  per  1  i/m 
can  be  obtained. 

For  the  reception  of  the  electric  field  component  of  ELF-siguals  a  ball  antenna 
was  constructed.  This  is  advantageous  because,  due  to  the  long  wave  length  of  the 
signals, the  antenna  signal  depends  only  on  the  capacitance  between  the  antenna  and 
free  space.  As  a  protection  against  bad  weather  conditions  the  outside  conducting 
layer  of  the  antenna  is  surrounded  by  an  insulation  material.  In  order  to  reduce  the 
noise  produced  by  ionized  rain  drops  a  distance  of  5  cm  between  the  outside 
insulation  material  and  the  conducting  layer  of  the  antenna  itsel^  was  provided. 


During  recent  years  natural  electromagnetic  signals  of  extremely  low  frequency 
(KLF-signals)  nave  been  studied  by  several  investigators.  Experiments  have  shown  that 
such  signals  appear  in  connection  with  electromagnetic  waves  of  similar  frequency. 

As  shown  by  the  calculations  of  SCHUMANN  (1)  (Schumannreaonance)  these  waves  are 
reinforced  by  the  resonant  properties  of  the  earth's  spherical  ionosphere.  First  of 
all  the  existence  of  ELF-signals  was  demonstrated  bv  measurements  of  the  electric 
component  as  well  as  of  the  magnetic  component  (2,3).  SimuNaneous  measurements  of 
electric  and  magnetic  fields  (3)  have  shown  that  the  signals  are  produced  by  electro¬ 
magnetic  waves,  since  the  E/H-ratio  (characteristic  impedance)  equals  that  of  electro¬ 
magnetic  waves  propagating  in  air. 

Present  objects  of  the  investigation  (see  also  ref.  (4))  are  the  identification 
of  ELF-noise  sources,  the  identification  of  the  pertinent  propagation  phenomena,  and 
the  identification  of  other  processes  which  determine  properties  of  ELF  noise  such 
as  diurnal  and  seasonal  variation  of  its  amplitude  and  frequency  spectrum.  The  work 
is  carried  on  in  cooperation  with  Dr.  CH.  Polk  and  Dr.  H.  Etzold  at  the  Department  of 
Electrical  Engineering  of  the  University  of  Rhode  Island  in  Kingston,  R.  I.  USA.  The 
experimental  data  obtained  at  field  stations  in  Germany  and  USA  are  to  be  analyzed 
and  published  (5)  in  the  USA. 

Possible  applications  of  the  observation  and  analysis  of  ELF-noise  (6)  which 
have  become  apparent  in  the  course  of  this  work  are  (a)  the  possibility  of  continous- 
ly  locating  the  position  of  the  major  thunderstorm  regions  on  the  surface  of  the 
earth,  (b)  "early  warning"  prediction  (three  to  twenty  hours  in  advance)  of  some  types 
of  solar  proton  events  and  associated  major  ionospneric  disturbances  and  (c)  identifi¬ 
cation  of  changes  in  the  effective  conductivity  profile  (i.  e.  electron  and  ion 
density  and  collision  frequency  profile)  over  large  regions  of  the  lower  ionosphere. 

In  order  to  increase  the  quality  of  the  ELF-recordings  special  H-  and 
E-antennas  were  constructed. 


1.  ANTENNA  CuIL  FOR  H-MEASU RENTS 


First  calculations  (7)  showed  that  the  signal  to  noise  ratio  of  an  ironless 
coil  (for  H-field  measurements)  increases  with  the  3/2  power  of  the  coil  diameter  d 
for  a  given  winding  cross  section  Aw 


(D 


or  increases  proportionally  with  d  for  a  given  total  copper  weight  Gcu 


C2d 


(2) 


The  noise  vcltage  Ufl  is  assumed  to  be  produced  by  thermiral  processes  in  the  copper 
wire. 

Fcr  technical  reasons  a  diameter  of  2  meters  was  chosen  for  the  coil.  From 
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consideration  of  the  noise  of  the  preamplifier  connected  with  the  coil  4o  ooo  turns 
of 432  wire  (q,2  mm  0  )  were  wound  on  a  vinyl  coil  form  resembling  a  spoked  wheel. 

This  insulating  material  was  used  to  avoid  shorted  turns  by  the  total  wheel  or  parte 
of  it  {2  spokes  and  a  part  of  the  circumference).  The  coil  has  an  inductance  of 
66oo  Hy,  a  natural  resonance  frequency  (du6  to  its  distributed  capacitance)  of  74  Hz, 
a  <5  =  lo.5  and  a  d.c.  resistance  of  12o  kJl . 

To  avoid  parasitic  signals  in  the  coil  due  to  mechanical  vibrations  of  the  ooil 
in  the  natural  magnetic  field  of  the  earth,  a  shock  mount  supporting  the  axle  was 
developed.  The  mechanical  resonance  frequency  of  the  coil/ehook  mount  system  could 
be  brought  below  2  Hz  and  therefore  below  the  transmission  range.  The  total  weight  of 
the  coil  is  153  kp  including  69  kp  copper  wire. 

Calibrations  and  calculations  showed  a  sensitivity  of  9  V  per  1  A/m  (-  o.o125 
GauB  or  125ov-  in  air)  at  8  Hz.  At  this  frequency  a  magnetic  flux  density  of  1.25  my 
induces  in  the  coil  a  voltage  of  9/j.V  •  This  is  to  be  compared  with  o thermial 
noise  of  4o  Hz  bandwidth  produced  in  the  copper  wire. 

Therefore,  the  noise  level  in  the  signal  to  noise  ratio  of  the  total  measuring 
apparatus  is  (in  practice)  determined  only  by  the  input  noise  of  the  preamplifier. 


2.  BALL-ANTENMA  FOR  E-MEASUREMKNT3. 


For  the  reception  of  the  vertical  electric  field  a  ball  antenna  waB 
constructed  (8). 

Due  to  the  wave  length  of  the  order  of  4o  ooo  km  of  tho  recorded  signals,  only 
the  capacitance  between  the  antenna  and  the  free  space  in  connection  with  the  antenna¬ 
load  (capacitance  and  resistance  antenna-  ground)  determines  the  signal  level  on  the 
antenna. 

Replacing  a  horizontal  long  wire  antenna  by  a  ball  antenna  offers  several 
advantages. 

a)  The  antenna  can  be  mounted  at  a  single  point  (e.g.  a  mast)  and  does  not  need 
two  mounting  points  separated  from  each  other  by  a  relatively  large  distance. 

b)  The  capacitance  of  a  ball  system  to  free  space  can  easily  be  made  of  the  same 
order  as  that  of  the  relatively  long  and  thick  antenna  wire  otherwise  necessary. 

c)  The  high  impedance  preamplifier  connected  inside  tne  spnere  is  well  protected 
and  weather  proof. 

d)  Ion  motion  is  particularly  pronounced  within  the  first  two  meters  above  ground. 

By  mounting  the  antenna  which  is  electrically  isolated  from  ground  at  a  height  of 

lo  meters  spurious  signals  due  to  ion  motion  are  .largely  eliminated. 

e)  Furthermore  the  capacitance  to  ground  of  a  relatively  small  sphere  (radius 
a  =  o.2  meter)  is  rather  insensitive  to  small  changes  in  height  h,  since 
(for  *'h<  Vlo) 

C  =  2Tj.  o  (2  +  a4i).  (}) 

Consequently  C  and  the  received  field  intensity  should  not  be  affected  by  motion  or 
bending  of  the  supporting  mast  during  heavy  winds. 

f)  The  dielectric  coating  surrounding  the  antenny  system  at  a  distance  of  .o5  meter 
acts  as  a  "radome".  Thus  the  antenna  may  be  usable  even  during  moderate  precipitation. 

g)  The  dielectric  coating  may  increase  tbs  antenna  capacitances 


■O 

Vout 


Fig  1  Ball  antenna  system 
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Due  to  the  high  reactance  between  the  antenna  and  free  space  tne  input  impedance 
of  the  preamplifier  has  to  be  >  1  GS2.  .  This  results  m  an  insulating  pi.^biem  in  some 
parts  of  the  antenna.  Therefore  the  possibility  of  impedance  transformation  by  an 
emitter  follower  stage  is  utilized  (see  fig.  l).  For  this  purpose  any  material 
insulating  the  antenna  (I.M.)  is  separated  into  two  parts  by  a  metal-layer  (C.M.) 
which  is  connected  with  the  emitter  potential  of  the  input  3tage  (R~). 

In  this  way  the  total  input  impedance  (including  conductivity  and  capacitance 
of  the  insulating"  material)  between  antenna  (B.A.)  and  this  intermediate  layer  of 
metal  (C.M. )  is  transformed  approxiraally  with  the  current  amplification  rate  defined 
for  the  current  amplification  between  input  (T.)  and  the  emitter  of  the  input  stage 

(?V  V* 

The  impedance  of  the  insulation  (I.M.)  situated  between  the  intermediate  layer 
of  metal  (C.M.)  and  ground  is  not  transformed  but  is  shunted  by  the  emitter  resistor 
(Rg)  of  the  input  stage.  This  resistor  is  in  the  order  of  several  K SI  ,  so  that 
insulating  problems  will  never  arise. 

Normally  as  input  transistor  (T.)  a  FET  or  MOSFET  type  is  used.  Applying  the 
impedance  transformation  technique  described  above  this  transistor  can  be  protected 
against  voltage  overloading  by  inserting  a  small  glow  discharge  lamp  (G.L.)  between 
antenna  (B.A.)  and  emitter  (R£).  The  glow  discharge  lamp  (G.L.)  is  followed  by  a 
resistive  voltage  divider  (R-,  R-)  which  reduces  the  conducting  voltage  of  the  lamp 
to  the  maximum  allowed  transistor  (T.)  input  voltage  V™.  The  impedances  of  the  glow 
discharge  lamp  and  the  voltage  divider  will  be  transformed  to  higher  values  and  are 
therefore  only  a  negligibly  small  load  for  the  input.  Practical  measurements  confirmed 
the  utility  of  the  anter.na. 

The  work  is  sponsared  by  the  USAF  under  Contract  AF  61  (o52)-836. 
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SUMMARY 

During  a  four  week  voyage  between  Hamburg  and  Guyaquill  (Ecuador),  in  November  1967, 
atmospheric  radio  noise  was  recorded  with  a  500  Hz  to  5  KHz  bandpass  receiver. 

Dltirnal  intensity  variations  recorded,  and  radio  noise  spectrum  patterns  give  an  overall 
idea  of  Africa  and  South  America  Storms. 

The  data  collected  also  reveal  that,  below  latitude  40*  N,  the  other  atmospheric  noise 
components  (whistler,  hiss,  dawn  chorus,  etc.  ).  do  not  significant’y  contribute  to  the  average 
noise  intensity. 


SUR  QUHLQUES 
DANS  LA  BANDB 


OBSHRVATIONS  DO  BRUIT  RADIOHLECTRIQUli 
T.B.F.  FAITHS  AU  COURS  D’lJNH  CROISIHRL 
DANS  L'ATLANTIQUH 


par 


G.  MATTHRN 


Taunus  -  Observatoriun 
6241  -  Kleiner  Feldberg/Ts 
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SUR  QUELQUES  OBSERVATIONS  DU  BRUIT  RADIOELECTRIQUE 
DANS  LA  BANDE  T.B.F.  FAITHS  AU  COURS  D'UNE  CROISIERE  DANS  L'ATLANTIQUE* 

G.  MATTtRN 

Tnunus  Observatoriun,  62lti  Kleiner  Fcldberg/Ts 


On  sait,  depuis  longtemps,  que  le  bruit  radioelectrique  atmospherique,  dans  la  gamme  T.B.F. ,  est  dQ 
essentiellement  a  1'activitS  orageuse  de  l'atmosphere.  II  eat  bien  cor.nu  que  cette  activite  est  concen- 
tree,  pour  une  grande  part,  dans  les  zones  tropicales  d'Asie  Orientale,  d'Afrique  et  d'Amerique  du  Sud, 

En  ete,  dans  l'hemiaphere  nord,  on  doit  ggalement  tenir  compte  de  foyers  orageux  localises  en  Europe 
et  en  Amerique  du  Nord.  La  contribution  des  foyers  orageux  qui  se  situent  au-dessus  des  oceans  est  encore 
tree  insuffisamment  connue,  bien  coins  connue,  certainenent,  que  la  contribution  des  orages  continental*?.. 

Le  bruit  radioelectrique  atmospherique,  qui  possede  des  composantec  dans  toute  la  gamine  E.B.F.  et 
T.B.F.,  est  une  source  naturelle  importante  d'emission  dans  le  donaine  des  tres  basses  frequences  et  est, 
de  ce  fait,  souvent  utilise  pour  l'etude  des  conditions  de  propagation  de  ce  type  d'ondes  au-dessus  du  et 
dans  le  milieu  mar in. 

D' autre  part,  puisque  le  bruit  se  presente,  pour  les  radiocommunications  utilisant  les  tres  basses 
frequences,  comme  une  forte  source  de  perturbation,  il  est  interessant  de  definir  la  repartition  tempo- 
relle  et  spatiale  de  1 'activity  radio  atmospherique  au-dessus  des  mers. 

Au  cours  d'une  oerie  d'observations  concernant  l'activite  orageuse  mondiale,  I'Institut  de 
Mgteorologie  de  l'Univeraite  de  Francfort/Main  a  entrepris,  en  novembre  1967,  de  faire  enregistrer  le 
bruit  radioelectrique  atmospherique,  par  un  cargo  qui  reliait  Kambourg  a  1' Amerique  du  Sud.  Cette  croi- 
sidre  fut  orgsnisee  au  cours  du  mois  de  novembre,  ear  l'activite  orageuse  etant  faible,  a  cette  epoque, 
en  Europe  et  en  Ameriquo  du  Nord,  seuls  les  foyers  orageux  localises  en  Afrique  et  en  Amerique  du  Sud 
pouvaient  determiner  1' intensity  et  la  repartition  dans  le  temps  du  bruit  atmospherique  le  long  du  tra- 
jet. 


On  recevait  les  atmospheriques  au  moyen  d'un  recepteur,  installe  sur  la  passerelle  de  navigation 
du  navire  le  "Persimmon"  et  raccorde  a  une  ar-tenne  verticale  de  deux  metres.  La  gamme  de  reception  se 
situait  entre  500  Hz  et  5  kHz,  La  dynamique  du  recepteur  etait  de  80  dB,  variable  par  echelon.  Toutes 
les  quatre  heures  (et  meme  toutes  lea  deux  hcures  pendant  quelques  jours)  lea  atmospheriques,  repartis 
suivant  les  differents  echelons  d'energie,  furent  comptes  chaque  fois  pendant  une  minute,  a  l'aide  d'un 
compteur  electronique.  En  outre,  des  enregi3trements  sur  rubans  magnetiques  furent  effectues,  plusieurs 
'ois  par  jour,  en  vue  d' analyses  ulterieureo  concernant  la  forme  des  atmospheriques, 

Comme  on  le  voit  sur  la  figure  1,  is  voyage  aller  conduisait  de  Kambourg  a  Savannah  (U.S.A.),  en 
passant  par  les  Agores,  puis,  par  le  canal  de  Panama,  aboutissait  a  Guyaquil  (Equateur).  Le  voyage  retour 
(ligne  interrompue  sur  la  figure  1)  s'effectuait  directement  de  Panama,  par  les  Agores,  vers  Hambourg. 

Au  cours  de  1' exploitation  des  enregistrements,  on  a  pu  selectionner  trois  positions  rpecialement 
int6ressantes  du  navire, 

1. -  Au  depart  de  Hambourg,  en  novembre,  leB  orages  d'Afrique  provoquaient  un  maximum  dan3  l’activite 

des  atmospheriques,  au  cours  des  heures  precedent  minuit, 

2. -  Dana  la  zone  des  Agores,  equidistante ,  en  novembre,  des  foyers  orageux  d'Afrique  et  d'Amerique  du 

Sud,  on  observe  alors  un  deroulement  diurne  equilibre  de  l'activite  des  atmospheriques. 

3. -  DanB  la  zone  du  canal  de  Panama,  les  orages  d'Amerique  du  Sud  apportent  la  contribution  principale 

a  l'activite  des  atmospheriques. 

La  figure  2  indique  les  ecarts  par  rapport  d  la  moyenne  journaliere  du  nombre  d' impulsions  par  mi¬ 
nute,  obtenus  toutes  les  deux  heure3,  au  cours  d'une  journee,  pour  les  trois  positions  ci-dessus.  Jn  n'a 

tenu  compte,  pour  etablir  ces  courbes,  que  des  atmospheriques  dont  le  niveau  de  champ  etait  superieur  ou 

egai  a  0,1  mV/m.  La  courbe  continue  montre  l'evolution  de  l'activite  des  atmospheriques,  telle  qu'elle 
fut  observee  en  novembre  196/  a  la  station  de  Hambourg-Halleg,  Un  faible  maximum  dnr.s  les  heures  suivant 
minuit,  consequence  des  orages  d'Amerique  du  Sud,  est  suivi,  au  lever  du  soleil,  jjar  une  diminution  du 
taux  des  atmospheriques.  Pendant  toute  la  journee,  l’al'faiblissement  des  ondes  apporte  par  la  presence 
de  la  basse  ionosphere,  empeehait  la  reception  d'une  portie  importante  de  l'activite  orageuse  issue 
d'Afrique,  Ceci  explique  la  presence  d'un  minimum  au  voisinage  de  12  h.  G.M.T.  Apres  le  coucher  du  soleil, 
la  reception  deviant  possible  vers  18  h.  G.M.T. ,  ce  qui  provoque  un  accroissement  rapide  du  ta’ix  des  im¬ 
pulsions  et  un  maximum  abso1'*  de  l'activite  des  atmospheriques  dans  le3  premieres  heures  du  soir.  Cepcn- 
dai.t,  l'activitH  orageuse  diminuar.t,  en  moyenne,  rapidement,  apres  18  h,  G.M.I.  et  la  voie  de  transmission 
vers  le  foyer  orageux  (lequel  est  alors  maximal  en  Amerique  du  Uud)  se  trouvant  encore  portiellement  sous 
i'effet  du  roleil,  il  y  a,  vers  minuit,  un  second  minimum  relatif  dans  r'activite  des  atmospheriques. 

On  peut  observer  une  evolution  diurne  analogue  des  mesures  prises  au  voisinage  de  l'equatcur,  repre¬ 
sentee,  our  la  figure  2,  par  une  courbe  discontinue. 


12B-2 


h*  diagrame  Stant  Stabli  en  heurce  G.M.T. ,  le  premier  maximum  ae  titue  un  peu  aprSs  ainuit.  La 
dicroisaance  de  l'activitS  avec  un  minimum  vers  12  h  G.M.T.  correspond  i  la  dSeroisaance  de  1' activity 
orageuse  continentals,  un  peu  avant  le  coucber  du  soleil.  On  peut  expliquer  ainsi  le  maximum  secondaire 
observl  vers  lG  h.  G.M.T. 

L'lvolution  de  l'activite  des  atmosphSriques  dans  la  tone  des  Aqores,  est  bcaucoup  plus  reguliire, 
casts  le  montre  la  courbe  en  pointing  de  la  figure  2. 

Let  foyers  orageux  d'Afrique  et  d'Amerique  du  Sud  sont  alors ,  bien  captes  en  moyenne,  ce  qui,  par 
suite  du  d^calage  dans  le  temps  dee  instants  d'activitl  maximum  de  cheque  foyer,  conduit  &  une  evolu¬ 
tion  diurne  riguliire,  qui  possude  un  faible  maximum  vers  20  h.  G.M.T. 

Un  bilan  st&tistique  des  nombres  d* impulsions  par  minute,  ccmptee  dans  diffSrentes  plages  d'ener- 
gis,  est  represents  par  les  figures  3  et  4. 

La  figure  3  prSsente  ce  bilan,  Stabli  a  partir  de  meaures  prises  dans  la  zone  des  Aqores,  le 
2  novembre  1967,  &  bord  du  "Persimon".  Une  comparaison  de  ces  meaures  avec  les  valeurs  journaliBres 
moyennes  simultanSes,  oetureea  a  Hambourg,  montre  quo  celles-ci  peuvent  differer  de  celles-la  dans  un 
rapport  de  1  &  IOC  et  plus,  pour  les  atmosphSriques  de  forte  Snergie.  Ces  ciffSrences  ne  sont  certaine- 
ment  pas  uniquement  une  consequence  des  distances  entre  foyers  orageux  et  rScepteur,  On  peut  penser  que 
la  prSsence  de  la  mer,  qui  favorise  la  propagation  des  ondes,  est  une  cause  suppl&nentaire. 

Les  mesures  enregistrSes  le  5  novembre  1967  font  apparaStre  des  differences  encore  plus  importan- 
tes  (figure  4).  Le  navire  se  trouvait  alors  a  la  hauteur  des  lies  Bermudes,  et  captait  ainsi  une  grande 
partie  des  orages  d'AmSrique  du  Sud. 

La  ccnparaison  des  enregiatrements  pris  sur  le  navire,  du  2  au  5  novembre,  montre  une  forte  augmen¬ 
tation  du  taux  des  atmosphGriques  dans  la  zone  d' intensity  de  champ  infGrieure  ou  Ggale  a  1  mV/m.  Ceci 
pourrait  ?tre  une  consequence  de  l'affaibliesement  de  propagation  diurne,  qui  peut,  lors  de  la  reception 
dans  la  zone  des  Bermudes,  deplacer  dans  une  zone  d'intensite  de  champ  plus  faible,  les  impulsions  creees 
au  cours  de  la  pGriode  orageuae  maximale  de  l'apres-midi,  en  Amerique  du  Sud, 

La  figure  5  presente  un  bilan  des  taux  d'atmospheriques,  observes  aux  trois  positions  signalees 
precedemment,  pendant  la  pGriode  d'activite  orageuse  principale  de  16  h,  locale.  On  a  utilise  la  moyenne 
mensuelle  des  taux  d'atmospheriques  pour  la  station  de  Hambourg,  et  deB  moyennes  de  cheque  fois  4  jours 
(pendant  les  voyages  aller  et  retour)  dans  les  zones  ies  Aqores  et  de  I'equateur.  Les  courbes  obtenues 
montrent  qu'au  voisinage  de  I'equateur,  le  pouvoir  de  resolution  du  recepteur  est  atteint,  avec  des  in- 
tensites  de  champ  de  1  mV/m.  II  ast  en  outre  remarquable  que  des  frequences  d' impulsions  de  100  par  mi¬ 
nute  aient  ete  observees  a  I'equateur,  avec  dec  intensites  de  champ  de  0,1  V/m.  Conme  il  n'y  avait, 
aux  Aqores,  en  novembre  19^7,  d'activite  orageuse,  duns  la  zonu  des  forteo  intensites  de  champ,  les  im¬ 
pulsions  y  sont  moins  frequentes  qu'aux  environs  de  I'equateur,  Au-dessous  de  1  mV/m,  on  obtiant  des 
frequences  comparables  a  celles  de  la  station  equatoriale,  ce  qui  prouve  la  position  favorable  des 
Aqores  pour  des  essais  de  surveillance  des  foyers  orageux  Africains  et  Sud  Americains. 

La  courbe  de  la  station  de  Hambourg  est,  a  16  h  H.C.E.  (heure  de  l'Europe  Centrsle)  masquee  par 
une  absorption  encore  efficace,  intervenant  ie  long  des  voies  de  propagation  des  atmoBpheriques.  Une 
partie  ecsentielle  du  groupe  des  orages  af. icains  apparalt  sous  des  intensites  inferieures  a  0,9  mV/m. 

Les  valeurs  indiquees  montrent  que  1' activity  orageuse  aux  environa  de  I'equateur  est  suffissnte 
pour  produire  une  intensity  moyenne  de  champ  assez  forte  pour  peraettre  une  reception  des  atmospheriquea 
aux  grandes  profondeurs  marines. 

En  vue  de  1'observation  des  foyers  orageux  d'Afrique  et  d'Amerique  du  Sud,  une  station  de  reception 
installee  aux  Aqores  semble  offrir  les  neilleures  conditions,  En  effet,  on  peut  y  mesurer  des  taux  d'at- 
moipheriquea  provenant  des  deux  foyers  d'orage,  assez  eleves  pour  permettre  des  observations  stetisti- 
ques. 


II  sera  n€cessaire  de  proceder  a  un  grand  nombre  d’autres  mesures  a  bord  de  nav.ires,  pour  obtenir 
dana  cette  bands  de  frequence,  une  vue  d' ensemble  de  l'activite  des  atmoBpheriques  au-deseus  de 
1'Atlantique. 


*  La  conaunication  12B  cot  asoociee  a  la  consnurication  12A 
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Fig. 3  Les  nombres  de  parasites  par 
minute  en  function  de  la  force  du 
champ  electromagne'tique. 

2  Novembre  1967 


Fig. 4  Les  nombres  de  parasites  par 
minute  er.  function  de  la  force  du 
champ  electromagne'tique 
5  Novembre  1967 
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Fig. 5  Les  nombres  de  parasites  par  minute,  en  temps  local  chez  diverses  champs  e'lectro- 
magnetlques  et  diverses  positions  du  vapeur  'Persimmon' 
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SUMMARY 

Extremely  low  frequency  (ELF)  electromagnetic  noise  arising  from  worldwide  atmospheric 
electrical  disturbances  was  measured  at  sea,  using  a  ship-mounted  whip  antenna  to  sense  the 
vertical  electric  fields  in  air  and  a  towed  cable  with  a  widely  spaced  pair  of  tandem  elec¬ 
trodes  to  sense  the  corresponding  horizontal  electric  fields  in  the  sea.  The  outputs  of  these 
sensors  were  recorded  simultaneously  on  multichannel  mognetic  tape  as  the  ship  proceeded  on 
courses  of  magnetic  east  and  magnetic  south.  This  paper  reports  some  results  of  these 
measurements  end  illustrates  some  of  the  features  that  characterize  ELF  electric  fields  above 
and  in  the  sea.  Comparison  between  the  spectra  of  vertical  electric  fields  in  air  and  hori¬ 
zontal  electric  fields  in  the  sea  shows  that  the  omnidirectionality  (in  azimuth)  of  the  whip 
antenna  tends  to  smooth  the  spectrum  whereas  the  directionality  of  the  electrode  pair 
enhances  the  spectrum  characteristics  of  sources  located  in  the  direction  of  the  electrode 
pair  axis. 

1.  INTRODUCTION 

The  source  of  extremely  low  frequency  (ELF)  electromagnetic  noise  in  the  seo  is  predominantly  of  atmospheric 
origin.  Electromagnetic  waves,  arising  from  atmospheric  electrical  activity  in  various  parts  of  the  world,  dissipate  a 
small  amount  of  energy  into  the  sea  as  they  travel  along  the  ocean  surface,  thereby  producing  an  ambient  electromagnetic 
noise  background  in  the  sea  which  decays  exponentially  with  depth  below  the  surface.  It  is  of  interest  to  compare  the 
electric  fields  in  air  as  measured  with  a  vertical  whip  antenna  to  the  resulting  electric  fields  underwater  as  measured  with 
a  horizontally  oriented  pair  of  electrodes. 

In  air,  the  total  electric  field  sensed  by  a  whip  antenna  is  the  combination  of  the  vertical  electric  field  components 
of  all  the  arriving  waves.  Underwater,  however,  the  resultant  electric  field  sensed  by  a  horizontal  electrode  pair  repre¬ 
sents  only  a  part  of  the  horizontal  electric  fields  that  are  present.  Each  of  these  horizontal  electric  field  components  is 
oriented  in  the  direction  of  propagation  of  the  wave  that  creoted  it,  and,  since  the  waves  traveling  along  the  surface  have 
arrived  from  a  number  of  different  directions,  many  of  the  underwater  horizontal  components  fall  in  a  direction  off-axis 
with  respect  to  the  electrode  pair.  The  results  presented  here  indicate  that  the  directionality  of  the  electrode  pair 
provides  a  means  for  reducing  the  electric  field  contributions  from  directions  normal  to  the  axis  of  the  electrode  pair,  thus 
enhancing  the  spectrum  characteristics  of  sources  lying  in  the  general  direction  of  the  axis  of  the  electrode  pair.  This 
feature  is  of  value  for  such  applications  as  the  study  of  worldwide  thunderstorm  location  through  observations  of  the 
Schumann  resonances.  The  ratio  of  the  magnitudes  of  successive  peaks  of  the  Schumann  resonances  may  be  used  to  deter¬ 
mine  the  angular  separation  between  a  thunderstorm  region  and  the  location  of  the  sensor(!,2). 

Previous  work  has  been  done  on  measurements  of  ELF  electric  fields  over  the  ocean  (3)  and  ELF  electric  fields  ir 
the  ocean  (4, 5),  but  the  data  reported  here  offer  the  first  opportunity  for  direct  comparison  of  simultaneous  measurements  of 
electric  fields  above  and  in  the  sea. 

2.  THEORETICAL  CONSIDERATIONS 


If  we  assume  that  a  single  vertically  polarized  wave  is  incident  on  the  oceon  surface  at  a  grazing  angle,  a  portion 
of  the  wave  will  be  refracted  info  the  medium  in  a  direction  pract;cally  straight  downward.  Let  the  incident  wave, 
traveling  in  a  direction  x,  have  a  vertical  electric  field  E  =E  e"‘kx  and  a  horizontal  mognetic  field  H  =H  e”,'<x  , 
where  k  =  uY  pQ  <o  •  The  horizontal  mognetic  field  Hz  is^confmuous  across  the  air-sea  boundary  and  therefore  delates 
the  vertical  electric  field  E  above  the  seo  to  the  horizontal  electric  field  E  below  the  surface: 

y  £  E 

H  =-X  =-Js.  , 


where  f0  and  e}  are  the  intrinsic  impedances  of  air  ond  seo  water,  respectively.  The  ratio  of  the  vertical  electric 
field  to  the  horizontal  electric  field  is  then 


where  a  -  the  electrical  conductivity  of  sea  woter^  , 

«0  =  the  |>ermittivity  of  free  space  =  (36*  x  10  ) 

<  f  -  the  relative  permittivity  of  sea  water  =  */ *0  -  81  (dimensionless) 
p  3f  pQ  *  the  permeability  of  free  space  =  4*  x  lO"'7  henry/meter 


where  o  =  2ir  x  frequency,  p  =  4n  x  10  ^  henry/meter,  and  a  =  sea  wafer  conductivity  in  mhos/meter, 
ation  rate  a  is  therefore 


The  attenu- 


a  =  0.00199  f  V7  nepers/meter 
=  0. 0173^*  yT  db/meter  (1  neper  =  8.686  db). 


Figure  2  is  a  graph  of  attenuation  rate  versus  frequency  for  several  values  of  sea  water  conductivity. 

ELF  electromagnetic  waves  which  are  due  to  sources  that  excite  the  earth-ionosphere  cavity  ore  believed  to 
propagate  mainly  in  the  transverse  mognetic  mode  (i.e.,  no  component  of  magnetic  field  radial  to  the  earth),  so  that  at 
large  distances  from  the  sources  only  the  vertical  electric  field  is  significant  (6).  It  is  assumed  here  that  the  waves  sensed 
by  the  whip  antenna  were  vertically  polarized  and  that,  consequently,  the  voltages  developed  on  the  whip  were  truly 
representative  of  the  ELF  electric  fields  present.  This  assumption  is  encouraged  by  the  absence  of  local  atmospheric 
electrical  activity,  so  that  the  sources  were  presumably  far  distant  from  the  measurement  area. 

It  is  assumed  tiiot  the  presence  of  the  ocean  bottom  has  no  effect  on  the  fields  considered  here.  The  ocean  depths 
encountered  during  this  particular  set  of  measurements  ranged  from  2400  to  3000  fathoms  (4390  to  5480  meters).  A  depth 
of  2400  fathoms  corresponds  to  thirty  "skin  depths"  at  3  Hz  and  303  "skin  depths"  at  300  Hz.  The  measurements  reported 
here  are  therefore  considered  to  be  "open  ocean"  measurements  as  opposed  to  "shallow  wafer"  c  "near  shore" 
measurements. 

It  is  assumed  that  the  sea  surface  was  flat.  The  sea  states  during  these  measurements  were  reasonably  low,  and  it 
may  be  assumed  that  there  were  no  significant  perturbations  due  to  ocean  waves. 

3.  MEASUREMENTS 

The  measurements  were  mode  in  the  open  ocean  at  o  position  of  opproximotely  40°N  65°W,  some  300  nautical 
miles  southeast  of  the  mainland  of  New  England.  The  oceanographic  ship  that  carried  the  instrumentation  proceeded 
slowly  along  mognetic  east-west  and  magnetic  no-th-south  courses  while  recordings  were  mode  of  the  vertical  electric 
field  in  a:r  and  the  horizontal  electric  field  in  the  sec.  A  2-mefer  whip  antenna  aboard  ship  and  o  to'  dem  60-meter 
electrode  pair  towed  255  meters  behind  the  ship  were  used  to  measure  these  respective  fields.  Figure  3  shows  the  locations 
of  the  sensors  with  respect  to  the  ship,  fhe  trailing  dummy  antenna  consisted  of  a  transmission  line  identical  to  that  used 
os  the  lead-in  coble  from  the  electrodes,  except  that  it  was  terminated  ir  a  resistance  which  simulofed  the  impedance  of 
the  electrode  pair.  A  depressor  was  used  to  force  the  towed  lire  down  so  that  the  neutrally  buoyant  line  would  be 
maintained  in  o  horizontal  attitude  at  the  desi.ed  depth.  The  speed  of  the  ship  was  varied  to  adjust  the  depth  of  the 
depressor  and  thu«  .he  depth  of  the  electrodes.  The  output  of  the  pressure  transducer  showed  that  the  line  wos  indeed 
maintaining  a  stable  path  at  the  desired  depth. 

The  procedure  used  was  to  record  ELF  noise  for  u  one-hulf  hour  peried  while  the  ship  proceeded  in  one  direction, 
then  to  change  course  90°  and  record  for  another  half-hour  period  in  thol  direction.  The  ELF  noise  could  not  be  recorded 
in  bath  directions  a*  once,  of  course,  as  would  be  the  case  if  two  ships  hod  been  available  for  towing  two  separate 
electrode  pairs,  and  it  wos  hoped  that  atmospheric  conditions  would  not  change  too  drastically  from  one  holf-hour  period 
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to  the  next.  Comparison  of  ELF  spectro  from  the  whip  antenna  (which  is  omnidirectional  and  quite  independent  of  the 
ship's  course)  showed  that  changes  did  occur,  however,  but  not  so  much  in  level  os  in  ihe  shape  of  the  spectrum.  For 
purposes  of  thi*  report  this  variation  with  time  aoes  not  matter  when  we  ore  makhig  a  comparison  between  simultaneously 
recorded  portions  of  the  ELF  noise  data. 

Some  changes  ot  ocean  chcyacteristics  were  encountered,  Nansen  casts  were  mode  periodically  during  the  cruise 
to  determine  the  temperature  and  the  salinity  of  the  water  at  depths  of  interest  for  the  measurements.  Depth  profiles  of 
temperature  and  electrical  conductivity  ore  shown  in  Fig.  4  for  the  four  Nansen  costs  closest  in  time  to  the  measurement 
periods  reported  here.  There  was  a  significant  change  in  the  depth  profile  between  times  1600  and  1900,  with  conduc¬ 
tivity  values  changing  from  4.  2  to  3. 2  mhos/meter,  and  core  must  be  taken  in  deal ing  with  Hie  data  obtained  during 
this  time  period. 

4.  INSTRUMENTATION 

The  instrumentation  aboard  the  ship  included  four  measurement  channels  and  o  WWV  time  channel  into  a  multi  - 
channel  magnetic  tape  recorder.  Two  of  the  measurement  channels  amplified  the  outputs  of  the  whip  ontenno  and  the 
electrode  pair.  A  third  channel  monitored  the  amount  of  noise  picked  up  on  the  cable  of  the  trailing  dummy  antenna. 

The  fourth  channel  was  used  to  estaolish  a  base  line  for  system  noise.  A  resistor  terminated  the  input  of  this  channel  right 
at  the  input  of  the  amplifier  itself. 

The  frequency  response  of  the  whip  channel  was  3  db  down  at  6  Hz  and  950  Hz,  with  a  fall-off  of  80  db  per  decode 
below  4  Hz.  The  responses  of  Hie  remaining  three  measurement  channels  were  ail  similar:  3  db  down  at  40  Hz  and  910  Hz, 
with  o  fall -off  of  20  db  per  decode  below  20  Hz.  All  of  the  following  data  hove  been  corrected  for  the  frequency 
responses  of  their  respective  channels. 

5.  THE  DATA 


The  data  selected  for  presentation  consist  of  samples  fiom  four  time  periods  (local  time): 

Starting  Time  Ship's  Course  Electrode  Depth 

1154:30  magnetic  South  22.  8  meters 

1207:00  magnetic  east  22.  3  meters 

1731:00  magnetic  east  25. 0  meters 

1815: 40  magnetic  south  23.  7  meters 

Each  of  these  samples  is  displayed  in  three  ways:  as  broadband  amplitude  versus  time,  as  frequency  versus  time,  and  as 
mean  square  voltage  versus  frequency  (spectral  density). 


Figure  5  shows  a  1-minute  secrion  of  a  chart  recording  of  logarithmic  amplitude  versus  time  hjr  the  outputs  of  four 
sensors  recorded  simultaneously  on  the  magnetic  tape.  The  output  of  rhe  whip  antenna  is  seen  to  be  characterized  by  a 
relatively  high  level  of  background  hiss  which,  in  this  type  of  presentation,  masks  ell  but  the  highest  impulsive  noise 
bursts.  In  contrast,  the  output  of  the  electrode  pa’r  is  seen  to  consist  mainly  of  distinguishably  sepcrate  impulses,  a 
result  of  the  filtering  out  of  the  higher  frequency  atmospheric  hiss  by  the  sea  wafer  attenuation.  The  outputs  of  the 
trailing  dummy  and  of  the  system  noise  channel  show  the  constant  level  that  is  characteristic  of  this  nearly  normally 
distributed  noise.  Figures  6,  7,  end  8  are  amplitude  versus  time  chart  recordings  for  the  other  three  samples.  Part  of 
the  data  shown  in  this  figure  was  selected  for  analysis  in  the  lorm  of  sonograms,  which  are  representations  of  the  noise 
frequency  spectrum  as  a  function  of  time,  with  amplitude  being  represented  by  Hie  intensity  of  the  marks  on  the  paper. 


Figure  9  shows  a  set  of  sonagioms  representing  simultaneous  22-second  samples  of  the  outputs  of  Hie  four  sensors, 
analyzed  over  the  frequency  range  from  1  to  500  Hz.  Many  of  the  ELF  bjrsts  are  seen  to  oppeor  simultaneously  on  both 
the  whip  antenna  and  electrode  pair  presentations,  as  is  to  be  expected.  Some  bursts  that  appear  on  the  whip  antenna 
channel  bur  not  on  the  electrode  pair  channel  are  presumed  to  have  arrived  from  directions  approximately  normal  to  the 
axis  of  ine  electrodes,  i.  e.  ,  in  a  null  of  the  sensitivity  pattern  of  the  electrode  pair.  The  background  hiss  that  was 
mentioned  earlier  is  clearly  visible  in  the  whip  antenna  sonogram  and  is  noticeably  subdued  in  the  electrode  pair  sonogram. 
The  horizontal  traces  in  the  electrode  pair  and  trailing  dummy  presentations  ore  power  line  harmonics  from  Hie  60-Hz 
ship's  power  that  hove  been  coupled  into  the  lead -in  cables  of  both  channels  because  or  their  proximity  to  power  lines  at 
some  point  along  the  cable  way.  Although  these  tonals  are  visible  in  this  type  of  presentation,  their  relative  levels  are 
low  with  respect  to  the  ELF  noise.  Figures  10,  1 1,  and  12  are  Hie  sonograms  for  the  other  three  samples. 


Figure  13  shows  the  power  spectra  obtained  for  the  noise  outputs  from  the  four  sensors  for  the  frequency  range  of 
3  to  300  Hz.  Again,  these  represent  simultaneous  samples  from  the  four  sensors,  with  the  sample  length  in  Hi  is  case  being 
152  seconds.  The  data  on  each  of  the  four  tape  channels  were  re-recorded  onto  o  closed-loop  tope  for  individual  cnolysis 
on  a  power  spectrum  analyzer.  Each  data  point  represents  the  mean  squore  /oltoge  in  a  1.25-Hz  bondwidth  averaged  over 
the  152 -second  sample  period.  Each  revolution  of  the  closed-loop  tope  through  the  onolyzer  automatically  printed  out  the 
result  end  advanced  the  analysis  frequency  by  !  Hz,  thus  progressing  cycis-by-cycle  up  to  300  Hz.  (The  frequency  range 
of  3  to  25  Hz  was  analyzed  in  l/4-Hz  steps,  that  of  25  K  75  Hz  in  1/2  -Hz  steps,  and  that  of  75  to  300  Hz  in  1-Hz  steps), 
ihe  curves  shown  here  hove  been  corrected  for  the  frequency  response  characteristics  of  Hie  four  measurement  systems  and 
are  plotted  os  a  function  of  the  meon  square  voltage  that  would  have  been  meosured  at  the  terminals  of  each  sensor,  as 
calculated  from  the  output  bock  through  the  gains  and  responses  of  each  channel. 
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The  system  noise  curve  establishes  the  lowest  possible  spectrum  levels  obtainable  with  the  omplifiors  used  here. 

The  spectrum  of  the  trailing  dummy  antenna  indicates  that  although  i‘  has  no  sensor  with  which  it  con  detect  underwater 
fields,  there  is  a  certain  amount  of  noise,  presumably  ship's  electrical  noise,  thnt  is  inductively  coupled  into  the  lead -in 
cable  itself.  There  is  also  an  indication  of  a  triboelectric  effect  at  the  frequencies  of  ship  vibration  (here  centered  about 
32  Hz  and  68  Hz).  That  is,  the  vibration  of  portions  of  the  leod-in  cable  itself  gives  rise  to  frictional  'ffects  in  the  cable 
which  produce  voltages  at  the  frequencies  of  vibration.  As  large  as  these  triboelectric  voltages  appear  to  be  in  this 
spectrum,  they  are  far  below  the  voltages  (hot  are  developed  across  the  electrode  pair  by  the  under,  ter  ELF  electric 
fields.  The  spectrum  obtained  with  the  electrode  pair  is  at  least  15  to  20  db  greater  than  the  largest  extraneous  system 
noise  and  is  therefore  satisfactorily  uncontaminated  by  ship  noises. 

The  spect'a  of  the  vertical  electric  field  in  air  and  ihe  horizontal  electric  field  in  the  seo  sensed  by  the  whip 
antenna  and  Hie  electrode  pair,  respectively,  are  represented  by  the  two  upper  curves.  The  mean  square  voltage  levels 
(read  from  the  left-hand  ordinate)  have  been  corrected  for  the  effective  height  (or  length)  of  each  sensor  and  converted  to 
values  of  equivalent  field  strength  in  rms  volts  per  meter  (right-hand  ordinaies).  The  gap  in  the  curve  of  the  whip  antenna 
spectrum  is  due  to  the  intentional  omission,  for  clarity,  of  two  large  resonance  peaks,  at  52  Hz  and  60  Hz,  which  would 
otherwise  dominate  the  appearance  of  the  spectrum.  Both  cf  these  resonances  are  from  25  to  30  db  above  the  odiccent 
spectrum  level  in  all  four  of  the  samples.  The  peak  at  52  Hz  appears  to  be  caused  by  a  mechanical  resonance  of  the  whio 
antenna,  and  that  at  60  Hz  by  the  ambient  fie  id  of  the  ship's  60-Hz  power  line  system.  The  presence  ^ f  these  peaks  is 
shown  in  the  sonograms  (Figs.  9  through  12)  but,  as  with  all  of  the  other  tonals  and  resonances  arising  from  system  or  ship 
noise,  their  effects  upon  the  spectra  of  inte-est  is  negligible  and  may  be  ignored  for  the  purposes  of  th:s  discussion. 

6.  DISCUSSION 

Examination  of  the  instantaneous  characteristics  of  the  over-water  ELF  noise  fields  sensed  by  the  whip  antenna  and 
the  underwater  ELF  noise  fields  sensed  by  the  electrode  pair  has  shown  that  these  fields  hove  essentially  the  same  structure, 
thus  ensuring  that  it  is  valid  to  make  comparisons  between  them.  Further,  it  was  seen  that,  with  the  exception  of  thj 
large  peaks  at  52  and  60  Hz  in  the  whip  antenna  spectra  (omitted  from  the  curves),  the  data  are  otherwise  uncontomi noted 
by  system  noise  or  ship  noise,  so  that  the  noise  levels  which  were  measured  really  do  represent  the  ELF  fields  above  and  in 
the  sea. 


In  order  to  determine  the  total  horizontal  electric  field  that  would  have  been  sensed  by  ar.  omnidirectional  (insteod 
of  bi-directional)  antenna  at  the  depths  at  which  the  electrode  poir  was  located,  the  vertical  electric  field  vclues  at  five 
frequencies  were  extrapolated  down  into  the  sea,  with  corrections  mode  for  the  refraction  ratio  across  the  air-sec  boundary 
and  for  the  attenuation  through  the  sea  wafer.  These  calculated  values  ore  represented  by  the  open  circles  lying  along 
the  spectra  of  the  electrode  pair  data.  The  nominal  values  of  sea  water  conductivity,  using  the  data  of  Fig.  4,  were 
taken  to  be  4  mhos/meter  for  the  sample  periods  of  Figs.  13  and  14,  and  3.  3  mhos/mefer  for  the  periods  of  Figs.  15  and  16. 
The  calculated  values  of  total  horizontal  electric  field  in  Figs.  13  and  14  bee  a  reasonable  relationship  to  the  measured 
values  of  the  horizontal  electric  field  in  view  of  the  fact  that  some  of  these  fields  were  not  sensed  by  the  electrode  pair. 
The  measured  values  in  Figs.  15  and  16,  however,  appear  to  be  somewhat  high  (judging  from  the  colci  lated  values),  which 
suggests  that  during  these  sample  periods  the  ship  may  have  passed  through  on  eddy  of  sea  water  even  colder  (thus  less 
conductive)  than  that  indicated  by  the  "Time  1900"  curve  of  Fig.  4.  The  results  of  these  comparisons  ore  satisfactorily 
close,  but  a  more  detailed  analysis  of  rhe  differences  must  be  put  off  until  additional  data  hove  been  pro>  essed. 

If  should  be  noted  here  that  the  close  agreement  between  calculated  and  observed  values  of  the  underwater  ELF 
fields  tends  ro  verify  ihe  cccuracy  of  calibration  of  both  the  whip  antenno  system  and  the  electrode  pair  system.  That  is, 
the  ELF  levels  in  each  medium  were  evaluated  independently,  each  system  was  calibrated  in  its  own  unique  way,  and  tne 
results  were  found  to  be  compatible  when  compared  by  means  of  their  theoretical  relationships. 

A  comparison  of  the  shapes  of  the  FLF  spectra  shows  that  the  most  interesting  features  lie  in  the  region  between 
10  and  40  Hz.  During  the  sample  period  represented  by  Fig.  13  (near  local  noon),  the  electrode  pair  was  oriented  in  a 
north-south  (magnetic)  direction.  Three  distinctive  peaks  occur  in  Hie  elect’ode  poir  spectra  at  approximately  14,  25, 
and  32  Hz,  coinciding  with  Hie  second,  fourth,  and  fifth  Schumann  resononces.  A  fourth  peck,  less  distinct,  is  seen  near 
21  Hz.  The  whip  antenna  spectrum  does  not  have  any  particularly  distinctive  peaks  in  this  case.  The  curves  of  Fig.  14 
show  the  spectra  that  were  obtained  approximately  13  minutes  laler,  during  which  time  the  electrode  pair  was  oriented  in 
an  eo't-svest  direction.  The  vertical  electric  field  spectrum  has  not  changed  significantly  since  the  previous  sample.  The 
electrode  pair,  however,  is  now  directed  toward  sources  whose  combined  spectra  produce  dominont  re  ononces  at  approx¬ 
imately  20,  26,  and  32  Hz,  corresponding  to  the  third,  fourth,  and  fifth  modes. 

The  curves  in  Figs.  15  and  16  -epresent  data  token  during  late  afternoon.  In  Fig.  15,  Hie  verficol  electric  field 
spectrum  is  shown  to  have  changed  to  such  an  extent  that  resonances  near  14,  25,  and  32  Hz  hove  become  dominant.  The 
underwater  electrode  pair,  however,  now  orientea  in  on  east-west  direction,  does  not  sense  these  resononces,  which 
indicates  that  the  sources  of  these  peaks  lie  in  a  southerly  (or  northerly)  direction  (i-e.,  generally  normal  to  Ihe  electrode 
pair  axis).  In  Fig.  16,  data  taken  45  minutes  loter  show  that  the  peaks  in  the  over -water  spectrum  sensed  by  the  whip 
antenno  hove  disappeared.  The  electrode  pair,  oriented  in  a  north-south  direction,  now  senses  sources  having  peaks  near 
the  second,  third,  ond  fourth  modes,  at  approx imateiy  14,  20,  and  26  Hz,  respectively. 

These  illustrations  have  beer,  intended  to  suggest  how  each  of  these  methods  of  measuring  ELF  noise  may  be  used  to 
odvantoge:  the  whip  ontenno  provides  the  totol  level  of  no;se  due  to  the  vortical  electric  fields  over  the  sea,  whereas 
the  electrode  pair  system  provides  some  enhancement  of  the  spectro  of  noise  sources  lying  generally  'n  the  direct. on  of  'is 
OX'S. 
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7.  CONCLUSION 

Spectra  of  vertical  electric  fields  above  the  sea  and  horizontal  e!(  trie  fields  In  the  sea  have  been  compared  to 
illustrate  differences  that  may  be  used  to  advantage  in  the  stud>  of  ELF  noise.  Hie  vertical  electric  field,  sensed  by  the 
whip  antenna,  represents  the  total  level  above  the  sea  of  FLF  noise  arriving  from  distant  sources.  The  underwater  electrode 
pair  does  not  sense  the  total  horizontal  electric  field  in  the  water  because  of  its  bi-directional  sensitivity  to  the  fields, 
but  this  feature  may  be  used  to  enhance  the  spectra  of  ELF  noise  arriving  from  thunderstorm  areas  by  aligning  the  axis  of 
the  electrode  pair  in  the  direction  of  the  sources  of  interest. 

In  studying  ELF  noise  spectra,  amplitude  versus  time  chart  recordings  and  frequency  versus  time  sonograms  art-  of 
value  in  describing  the  instantaneous  features  of  the  noise  that  goes  to  moke  up  the  power  spectra. 

Future  measurements  jsing  two  horizontal  electrode  pairs  whose  axes  are  orthogonal  ore  expected  to  provide 
information  on  both  the  total  horizontal  electric  field  in  the  sea  and  the  directional  characteristics  01  the  noise. 
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Fig.4  Depth  profiles  of  temperature  and  electrical  conductivity 
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Fig.9  Frequency  vs  time  sonagrams:  local  time  1154:30,  ship's  Fig.10  Frequency  vs  time  sonagrams:  local  time  1207:00,  ship's 

course  180°  magnetic  course  090°  magnetic 
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the  four  channels:  local  time  1154:30,  ship's  Fig.14  Power  spectra  for  the  four  channels:  local  time  1207-00,  ship': 

course  1 80°  magnetic  course  090°  magnetic 


nnels:  local  time  1731:00,  ship's  Fig.  1 6  Power  spectra  for  the  four  channels:  local  time  1815:40,  ship's 

magnetic  course  180°  magnetic 
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SUMMARY 

If  we  confined  ourselves  to  the  eimpleat  basic  principle*  (water  masses  assumed  10  be  homoge¬ 
neous  and  completely  passive  from  the  electromagnetic  viewpoint  ;  inactive  sea  bottoms  ;  tabular 
and  coherent  external  excitation  sources  ;  no  discontinuities  between  continents  and  oceans,  etc. ), 
the  electromagnetic  noise  levels  that  we  might  expect  to  find  in  the  oceans  could  be  expressed  in  a 
particularly  simple  way,  in  terms  of  the  depth  and  spectral  composition  of  the  incident  radiation, 
as  a  direct  application  of  the  "skin  effect".  This  way,  at  frequencies  approximating  1  Hs,  we  might 
expect  to  find  an  attenuation  of  the  order  of  170  DB  at  a  depth  of  5000  m.  Such  an  electromagnetic 
"quiet"  is  likely  to  stimulate  various  projects  ;  it  is  therefore  important  to  verify  it  experimentally. 
However,  we  come  up  against  critical  practical  difficulties  which  prevent  us  from  obtaining  the 
final  accurate  information  required.  Therefore,  direct  "in  situ"  absorption  measurements  have 
been  successfully  carried  out  mostly  in  some  fresh  water  lakes  (for  instance,  by  Prof.  Dessoulavy 
in  the  lake  of  Geneva,  with  the  "Mesoscaph"). 

In  this  paper,  a  synthesis  is  made  of  the  results  obtained  during  successive  campaigns  on  board 
the  "Archimedes"  bathyscaph  (from  1964  to  1967),  combined  with  those  provided  by  the  complete 
recording  of  a  magnetic  storm  by  means  of  a  probe  immersed  at  5om.  depth  in  the  bay  of  Villefran- 
che  (L.  Launay),  and  taking  account  of  various  calculations  on  the  hydromagnetic  effects  related 
to  sea  kinetics  (waves,  currents,  etc, ).  We  have  found  that  real  conditions  may  diverge  to  a  large 
extent  from  the  theoretical  conditions  often  assumed.  Taking  into  account,  as  far  as  possible,  the 
overall  factors  involved,  we  propose  likely  thresholds  for  the  natural  noise  levels  that  should  be 
expected,  in  actual  fact,  in  seawater,  within  the  range  of  electromagnetic  variations  considered. 
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SOMMAIRE 


Dsns  Is  present  expos*  nous  fslsons  Is  synthise  des  riaultat*  de  mesures  de  bruit  eicctromagnetique 
obtenus  au  cours  des  campagnes  successives  effeccudee  depute  1964  par  le  bathyscaphe  "Archlmdde",  associds 
i  ceux  d'un  enregletrcment  integral  d*un  orage  magndtlque  au  moyen  d'une  sonde  imroergde  par  60  m  de  fond 
dans  Is  bait  de  Villefranche  (L.  Launay) ,  Tenant  compte  dgalement  de  divers  effete  hydromagndtiqucs  lids 
a  la  cindtique  des  mere  (vagues,  courants,  etc.),  nous  trouvons  que  les  conditions  rdelles  peuvent  s'dcar- 
ter  dans  de  larges  mesures  des  conditions  de  princlpe  souvent  postuldes  (ne  tenant  coeipte  que  du  “skin 
effect").  Conaldtrant,  dans  toute  la  mesure  du  possible,  1 'ensemble  des  facteurs  en  Jeu,  nous  proposons 
des  seulls  probables  pour  les  nlveaux  de  bruit  naturel  que  l’on  dolt  s'attendre  a  trouver  rdeliement  au 
sein  des  mers  dons  la  game  des  variations  dlectromagndtlques  considdrde. 


SUMARV 


In  this  paper,  a  synthesis  Is  made  of  the  results  concerning  electromagnetic  measurements  obtained 
during  successive  campaigns  on  board  the  “Archimedes"  bathyscaph  since  1964,  combined  with  those  provided 
by  the  complete  recording  of  a  magnetic  storm  by  means  of  a  probe  immersed  at  60  m  depth  in  the  bay  of 
Villefranche  (L.  Launay).  Taking  account  of  various  hydromagnetic  effects  related  to  sea  kinetics  (waves, 
currents,  etc.),  we  have  found  that  real  conditions  may  diverge  to  a  large  extent  from  the  theoretical 
conditions  often  assumed  which  take  only  in  consideration  the  classical  skin  effect.  Taking  Into  account, 
as  far  as  possible,  the  overall  factors  Involved,  we  propose  likely  thresholds  for  the  natural  noise 
levels  that  should  be  expected,  in  actual  fact,  In  seawater,  within  the  range  of  electromagnetic  variations 
considered. 


1,  INTRODUCTION 

Le  bruit  dlectromagndtlque  naturel  au  sein  des  mers  n'est  pas  une  grandeur  dont  la  determination 
precise  en  fonction  de  la  profondeur  pulcse  Stre  clalrement  expriir.ee,  dl  1’on  s'en  tenalt  aux  conditions 
de  princlpe  les  plus  simples  (masses  d'enux  supposdes  homogenes  et  totalement  passives  du  point  de  vue 
electromagnet iquej  fonds  des  mers  inactlfs;  sources  d'exeltation  externos  tabulaires  et  cohdrentes;  absence 
de  discontinues  continents-ocdans;  etc.)  les  nlveaux  de  bruit  dlectromagndtlque  rialjrel  que  I'on  pourr.ilt 
s'attendre  a  trouver  s' exprimers lent  d'une  fa;on  particuliirenent  simple  par  application  directe  de  l'effet 
de  peau  ("shin  effect")  en  tenant  compte,  avec  U  srofondeur,  de  la  composition  speetrale  de  la  radlacion 
Incidente,  C'est  ainsl  que,  aux  environs  de  la  frequence  l  Ks  ,  on  pourrait  s'attendre  a  trouver  un  affal- 
bltssement  de  l'ordre  de  170  dB  a  une  profondeur  de  3000  m  .  Un  tel  "celme  elcctromagnetiqus"  etant 
susceptible  d'eneourager  divers  projets,  sa  verification  experimental  eat  importante.  Nous  allons  essayer 
de  falre  la  synthdae  de  diverses  mesures  que  nous  avons  faites  dans  ce  sens  et  des  donndes  actuelles  sur 
cette  question.  Nous  serons  ainsl  conduits  a  tenlr  compte  d'un  nombre  plus  grand  de  paramdtres  et  de 
phenomfenes  plus  complexes  que  ne  le  demande  la  theorie  classlqua  du  akin  effect. 

C'est  en  1960,  a  I'occaston  de  la  soumission  de  projets  concernant  les  objectlfs  scientiflques  que 
I'on  pourrait  se  donner  pour  I'utlllsatlon  la  plus  spdcifique  des  possibility*  nouvelles  qu'allalt  apporter 
U  mice  en  service  du  bathyscaphe  "Archim&de,  que  nous  nous  somroes  Intdressds  directement  4  ces  questions. 
On  ne  a'dtonnera  done  pas  que  notre  etude  expdrtmentale  ait  etd  condulte  d'abord,  exclutlvement,  de  1964  a 
1966,  au  cours  de  plongdes  effectudes  avec  I'Archimdde.  'I3lgrd  la  preparation  -  ausai  minutieuse  que  pos¬ 
sible  •  que  nous  avtons  falte  pour  ces  experiences,  cecl  a  donnd  lieu  a  un  certain  nombre  de  critiques  que 
nous  classerons  comme  suit  : 

l*  Pourquol  avoir  optd  pour  des  exp6rier.ee*  avec  presence  mime  de  1'observateur,  alors  qu'etant 
donnd  let  progris  de  I'autoraatlsme  les  mesures  faites  A  partlr  du  bathyscaphe  auraient  pu  Sere  condulte*, 
plus  convenableroent,  a  partlr  de  la  surface  7 

2*  Par  sa  seule  presence,  le  bathyscaphe  doit  pertuvber  le  milieu  £  explorer. 

1°  Le  caraetdre  relativement  exceptionnel  des  plongdes  doit  emplcher  dea  experience#  "serleuses" 

d'ttre  accomplles. 

Nous  nous  permettrons  de  ne  repondre  que  bridvement  a  la  premiere  de  ces  critiques  car  -  blen  qo'eile 
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att  tra't  d  une  question  d'une  importance  primordial*,  sa  discussion  fait  parcie  main tenant  d'un  des 
aspect*  les  plus  classiques  des  mdthodes  experiment jIcj  de  la  science  modern*.  II  nous  suffira  de  rap- 
peler,  A  titre  d'exemple,  les  diatribes  -  mnincenant  bien  ddpassdes  -  entre  partisans  des  explorations 
lunaires  par  engins  habltds  et  ceux  qui  estimnlent  que  des  engins  automat iques  feraient  tout  aussi  bien. 
Tout  ddpend  de  la  catdgorie  logique  de  ia  radthode  d'd-cude  que  l‘on  entend  appliquer  il  1 'exploration  envi- 
sagde  :  si  l*on  entend  essentie! lement  verifier  5a  validite,  ou  prdclser,  des  iddes  ddja  conques,  des 
engins  automatlques  pourront  rotapllr  d'une  faqon  sat isfaisante  les  missions  qui  tear  seront  imparties  ; 
male  s'il  s'agit  d'aller  au  devant  de  nouvelles  conceptions, la  presence  personnelle  d'un  okservateur  ou 
d'un  expdriraencateur  sera  ndcessaire,  A  cette  philosophic  gdndrale  relative  a  la  fa-,  on  de  concevoir  la 
recherche  que  1'on  desire  entreprendre,  nous  ajouterons  une  consideration  benucoup  plus  particular*  rela¬ 
tive  a  notre  cas  pvdcis  :  une  fois  admts  -  inddpendnmmenl  de  notre  activite  propre  -  la  mise  en  place 
des  campagnes  de  1'Archimdde,  !e  fait  de  greffer  nos  experiences  sur  ces  piongees  n'entralnait  pour  nous 
qu'une  charge  budgetaire  rddutte,  alors  que  la  mise  en  place  de  mesures  dquivr.  lentes  destindes  a  6tre 
faites  a  partie  de  la  surface, aurait  ndcessitd  des  raoyens  considerables  que  notre  laboratoire  -  non  spe¬ 
cialise  en  oceanogrsphie  -  n'aurait  jamais  pu  rassemoler. 

En  ce  qui  concerne  la  deuxldme  des  objections,  celle  relative  aux  perturbations  apportees  a  i'etat 
magnetique  et  dlectromagndtique  du  milieu  a  explorer  par  le  bathyscaphe  lui-mf!»e,  tl  est  evident  qu'elle 
s'appuie  sar  des  faits  inddnlables  dont,  en  premier  lieu,  I'apport  de  la  sphere  d'acler  eonstituant 
l'habltacle  du  bathyscaphe.  Cette  circonstance  rendrait,  en  eifet,  illusoire  tout  essai  de  mesure  de  la 
valeur  statlque  du  champ  magnetique  principal  cxistant  au  voisinagc  de  notre  engln  d'exploration.  Une 
mesure  de  ce  genre  ne  pourralt  etre  falte  que  par  des  precedes  ddtournds  tels  que  1'usage  d'une  remorque 
construite  en  mttdriaux  non  magnetiques,  ou  par  le  ddpdc  du  migndtomdtre  en  un  point  du  fond  de  la  mer 
dont  on  s'eloignerait  pendant  la  durdc  des  mesures.  Ces  manidres  de  faire  sont  parmi  les  choses  possibles 
mats  moyennant  -  tout  au  motns  pour  la  premiere  -  des  realisations  ondreuses  et  qui  r.ecessiteraient  des 
mises  au  point  corapliqudes.  Sous  ne  nous  y  arrSterons  pas.  car  de  telles  mesures  du  champ  magnetique  sta¬ 
tlque  n'dtaient  pas  dans  nos  projets.  Nous  avions,  par  contre,  choisi  d'etudier  le  "bruit  dlectromagnd- 
tique"  -  done,  des  variations  magnetiques  -  dans  des  bandes  de  frequences  &  t'interieur  desquelles  les 
perturbations  apportdes  par  le  bathyscaphe  ne  devaient  pas  Jtre  prohihitives,  soit  depuis  quelques  Hertz 
jusque  vers  200  Herts,  En  fait,  nous  avons  ddcouvert  que  la  sphere  d'. icier  de  I'Archlmdde  provoqusit 
bien  une  perturbation  importante  a  I'lr.tdrieur  de  cette  bande  de  frdquence  ct  que  cette  perturbation  pou- 
valt  etre  trds  ggnante,  mais  au  fur  et  a  mesure  de  notre  dtude  et  de  ia  connaissance  plus  prdcise  -  et 
m?me  trds  prdcise  -  que  nous  avons  pu  avoir  sur  cet  effet,  nous  nous  somroes  rendus  capables  d'dtiralner  les 
ddfauts  qu'il  nous  causait,  II  s’agissait,  en  effet,  d'une  variation  dlectromagndtlque  centrde  sur  une 
rale  spectrale  trds  dtvoite  (cecl,  pour  une  profondeur  ddterminde),  par  exempie,  comprise  entre  39,5  et 
40,5  Hz  &  une  profondeur  de  l'ordre  de  5000  mdtres  (plongdes  de  la  campagne  de  Grdce  et  de  celles  au 
voisinage  de  Hadfere),  ce  qui  permettalt  de  la  reconnattre  facilement  sur  les  enreglstrements  quand  eeux-ci 
sont  soumls  aux  mdthodes  de  l'analyse  spectrale,  sans  qu'elle  puisse  encAcher  des  signaux  de  frdquences 
diffdrentes.  (Je  passe  lei  Sur  certains  inconvdnients  techniques,  cels  que  les  saturations  des  arapllfica- 
teurs  d'entrde,  que  cette  rale  a  pu  provoquer,  mais  auxquels  il  a  dtd  possible  de  parer).  Le  probldme  le 
plus  ddlicat  que  nous  ayons  eu  a  rdsoudre  relativement  a  cette  rale  a  dtd  d'dtablir  avec  certitude  son 
orlgine  :  une  frdquence  de  resonance  propre  (oscillations  libres)  de  la  sphdre  d'acler  qui  conttitue 
un  systdme  mdcanique  oscillant  aynnt  un  coefficient  de  quatitd  dlevd,  ce  qui  lui  peraet  de  presence'  une 
amplitude  d'osclllatlons  quasi  pernanente  (et  tn?me  pseudo  constante  quand  on  s'attache  a  rdaiiser  une 
immobllitd  aussi  complete  que  possible  de  tout  l'intdrieur  de  la  sphere)  qui  se  transmet  alors  a  l'eau 
;ar  un  adcanisme  de  couplage  mdcano-niagndtique .  (II  est  probable  que  ce  type  de  coupiage  se  produit  dans 
les  deux  sens  :  de  ldgers  mouvements  de  l'eau  -  trds  fai'ules  courants,  tourblllons  peut-Stre  ?  -  exci- 
tenc  adcaniqueraent,  et  cntretlennent ,  les  vibrations  de  la  sphdre,  qui  retransraettent  a  l'eau  -  par  le 
micanisme  indiqud  ci-dessus  -  I'dnergie  reque).  Nous  Comptons  revenir  d’une  faqon  plus  prdcise,  dans  la 
suite  de  notre  exposd,  sur  cet  effet,  mais  ajoutons  seulemcnt  ici  que  les  analyses  spectrales  des  enre- 
glstrements  ont  souvent  fait  apparattre  d'autres  rales  plus  ou  mains  dcroites  que  nous  avons  dgaleraent 
reconnues  corame  dtant  d’origlne  artiflclelle  et  causdes  par  diverges  parties  du  bathyscaphe.  Corarae  pour 
la  rale  voislne  de  40  Hz  ,  ces  autres  rates  ne  sont  pas  genantes  urtc  fois  leur  existence  bien  reconnue 
et  "catalogude", 

Des  phdnoradnes  perturbateurs  d'une  autre  nature  ont  die  aussi  mii  en  dvidep.ee  au  cours  de  nos 
plongdes,  mats  Its  dtaient  relatifs,  essentlellement,  a  des  etscs  dynasiques  du  bathyscaphe  :  prises 
d' immersion  (avec  les  inconvdnients  que  ceia  comporce  pour  ia  stability  des  phdnomdnes  de  polarisation 
deg  dlcetrodes  servant  &  mesurer  les  champs  dlectrlques) ,  descentes  de  plongdes,  tourfcillons  ct  nuages  de 
vase  lots  des  arrivdes  sur  le  fond,  etc..  Une  perturbation  particulibre,  aais  qui  n'a  pas  did  sans  intdrSt, 
a  dtd  celle  -  observde  lors  de  plongdes  a  profondeurs  raoyenr.es  (2000  a  2500  m  }  en  Mddlterrande  -  c ausfe 
par  I'agitatlon  ralcroslsmique  et  transmise  par  le  fond  au  bathyscaphe  Itj  1  -pcgc .  D'une  faqon  gdndrale,  leg 
diverses  perturbations  que  nous  avons  dvocudes  ont  compliqud  cons iddrab lement  notre  rravall  de  ddpouli- 
leraent  et  de  eoraprdhension  prdalable  des  phdp.omdpes ;  elles  nous  ont  Cored  a  perfectlonner  nos  raoyens 
d'analyse  et  n  rdpdter  -  lors  de  plongdes  successive*  -  les  experiences  et  les  mesures  de  concrdle,  raels 
nous  pensons  avoir  rdussl  raaintenant,  grace  a  ce  souci  de  tigueur,  a  d l trainer  la  piupart  de  leurs  consd- 
quences  noel»es  pour  une  interpretation  corrects  de  nos  mesures, 

Enfiu,  quant  au  dernier  type  des  critiques  que  1‘on  pouvalt  faire  4  nos  experiences,  a  savoir  que 
i'on  pouvalt  diff ici lement  Iraaglner  que  des  mesures  prdcises  pouvaient  Stre  mises  en  oeuvre  -  pour  autant 
qu'elles  n'avaient  pas  dtd  rendues  automatiques  -  dans  les  conditions  de  sdjour  et  de  confort  relative¬ 
ment  prdcaire  que  l'on  s'attend  a  trouver  dans  la  sphire-habitacle  d'un  bathyscaphe,  e'est  celui  auquel 
nous  pouvons  rdpondre  de  la  faqon  la  plus  forraelle  :  une  fois  bien  posds sur  le  fond,  le  bathyscaphe  et 
sa  sphdre  constituent  ur.  excellent  laboratolre  de  physique  qui  assurent  aux  expdrlroentateurs  un  caloe  et 
des  facilttds  de  travail  tres  remarquables,  la  seule  limitation  venant  de  la  durde  toujours  crop  courte 
-  cinq  a  six  heures  au  maximum  -  des  sdjours  au  fond.  En  vue  d'expdrfences  futures,  ll  y  aurait  certaine- 
ment  un  intdrgt  majeur  a  pouvoir  augmenter  d'une  faqon  subsranclcl  le  cette  durde. 

Nous  ne  nous  dtendrons  pas  plus  avar.t,  ici,  sur  les  clrconstances  gdndrsles  de  ces  caapagnes  da 
plongdes  avec  l'Archlmdde.  Nous  rappeieror.s  slraplemenc  ies  dpoques  de  ces  campagnes  et  l'ordre  de  grandeur 
des  profondeurs  cerrespondantes  auxquelles  se  rapportent  les  mesures  s  Fosse  de  Porto  Rico  en  1964, 
pour  des  profondeurs  de  l'ordre  de  ?  et  8000  metres  ;  Kedlterrande  orientale  (au  voisinage  des  c&tes  de 
Grdce)  en  1965,  avec  des  plongdes  .i  »000  srdires  ;  environs  de  I'lle  de  Kad*re  on  1966,  sur  des  fends 
compris  entre  4000  et  4500  metres  :  eaapagr.e  du  lapon  en  196/  (experiences  confides  u  J.  JARRV,  Chef  du 


14-3 


Laboratoire  du  Bathyscaphe)  avec  des  plongdes  de  8000  et  9000  metres  ;  enfin,  quelque*  mesures  (effectudes 
dgaleraent  par  J.  JARRY)  ont  pu  lire  fattes  au  cours  de  cinq  plongdes  de  la  dernidre  campagne  aux  Azores, 
en  1969,  par  des  fonds  attelgnant  leg  3000  mitres  i  11  faut  mentlonner  dgalement  divers  essals,  hors  cam- 
pagnes,  en  Mdditerrande,  A  des  prolondeurs  comprises  entre  2000  et  3000  mitres.  Les  conditions  et  les  buts 
prdcis  relatifs  a  toutes  ces  plongdes  n'd^alent  pas  stric'.ement  uniques  (on  les  trouvera  exposes  dans  les 
publications  parues  pidcddemment,  (1),  (2),  (3),  (4)  ),  mats  nous  avons  toujour*  eu  le  soucl  que  chaque 
experience  nouvelle  penaette  dgalement  la  verification  des  points  les  plus  douteux  lalssds  en  suspens  par 
les  prdcddentes.  C'est  a  ce  sujet  qu'apparalt  la  critique  peut-ltre  la  plu6  fondde  que  l’on  puisse  faire 
A  nos  (fries  d'essais  successlfs  :  la  difficulty  qu'tl, y  a  a  assurer  une  bonne  continuity  dans  le  temps  de 
toutes  les  verifications  suggdrdes  par  les  experiences  qul  viennent  de  se  ddrouier  et  dont  on  ddpoullle  les 
rfsultats,  ou  necessities  par  les  expfriences  suivantes,  projetdes  ;  ceci,  dtant  donnd  les  tontlngences 
logirtlques  entratndes  par  l'usage  du  bathyscaphe. 

Nous  avons  essayd  de  remidler  A  ces  difflcultds,  d'abord  en  ddveloppant  les  essals  d'apparelllages  a 
tevre ,  au  laboratolre,  et  surtout  en  prfvoyant  des  enregistrements  continus  a  partlr  de  sondes  sensibles 
lonurgies  a  demeure  -  bier  qu'a  falble  profonJeur  seulement  :  une  soixantaine  de  mitres  -  dans  la  bale  de 
Villefranche.  Un  des  buts  recherchds  dtalt,  entre  autre,  de  permettre  un  rdglag~  de  la  chalne  d'enregls- 
trement  quand  elle  est  p^uside  A  son  maximum  d 'amplification,  ce  qul  cat  la  plupert  du  temps  quelque  chose 
d* Impossible  a  exdcuter  avec  des  sondes  sensibles  a  terre  (mime  en  dehors  de  locaux  de  laboratolres)  dtant 
donnd  la  raretd  des  sites  non  perturbds,  Une  mlse  en  oeuvre  de  ce  type  a  pu  Itre  faite  durant  quelques 
semai.net  en  AoQt  1966  (L.  LAU NAY  opdrant  a  partlr  de  la  station  de  gdodynamlque  sous-marine  de  Villefranche) 
et  a  donnd  de  bons  rdsultatn  du  point  de  vt*e  magndtique  (avec  notarment  un  enreglstrement  complet  de  I'orage 
magndtique  des  29/30  AoQt  sur  lequel  nous  revtendrons) i  malheureusement,  un  enreglstrement  slsmlque  conjugud 
aur  lequel  m'us  comptions  pour  dclalrcfr  certelnes  ambiguttds,  a  dtd  vlctlme  d'lncldents  de  fonctionnement 
(deterioration  accldentelle  d'un  des  clbles  de  raccorderaent  ayant  provoqud  un  ddfaut  d'lsolemenc) . 

En  resume,  dtant  donnd  la  difftcultd  blen  connue  des  mesures  dlectrlque*  (et  dlectromagndtiques)  en 
mer,  11  ne  suffisait  pas  de  conlulre  un  programme  coordonnd,  mats  unique,  d'expdrlenoes,  pour  avancer  avec 
quelque  >Qretd  dans  la  vole  que  nous  nous  etions  tracde.  Un  ensemble  trls  vaste  et  trls  varld  de  verifica¬ 
tions  de  toutes  rortes  dealt  aussi  'ndispensable.  Blen  que  l'cxdcutlon  de  cet  ensemble  ne  puisse  pas  Itre 
considdrd  comae  termind  ddf Initivement,  nous  pensons  qu'il  est  nuintensnt  sufflsannent  avaned  pour  que, 
tenant  compte  des  conclusions  auxquelles  11  nous  a  amends,  nous  soyons  a  mime  de  faire  part  de  ces  dernll- 
rea.  C'est  ce  a  quol  nous  allons  nous  employer  malntenant. 


2.  RAPPEL  DES  PROBLEMS  POSES  —  R5SULTATS  EXPERIHENTAUX  CORRESPONDANTS 

Nous  avons  blen  dennd  ddja,  dans  l 'INTRODUCTION, la  Ugne  gdndrale  des  recherches  que  nous  ddslrlons 
suivre,mai6  Is  manltre  de  sulvre  cette  llgne  peut  Itre  telleraent  varlde  dans  le  cholx  des  falls  ou  des 
hypotheses  par  lesquels  nous  aborderons  d'une  faqon  tangible  nos  etudes>que  nous  devons  icl  let  prdclser. 

Nous  pourrons  les  classer  comae  suit  : 

1*  Admst tint  que  nous  opdrons  a  des  profondeurs  telles  qu'aucun  slgnsl  dlectromagndtique  percep¬ 

tible  ne  puisse  nous  attelndre  a  psrtir  de  la  surface,  ceci  par  les  voles  directes,  est  11  possible  de 
recevolr  de  ttls  signaux  par  vole  indirecte,  volsinage  tmraddxat  des  fonds  marlns  ?  Dans  1 'affirmative, 
par  quel  processua  ce  .a  se  produlrslt-11  et  Jusc-j'a  quelles  distances  ?  En  dehors  de  tels  signaux,  un 
niveau  de  bruit  dlectromagndtique  appreciable  est  11  rayonnd  vers  le  haut  par  les  fonds  marlns  ? 

2"  La  mer  elle-mlma  est-elle,  dans  son  sein  propre,  gdndratrlce  de  bruit  dlectromagndtlq'ie,  et 
rayonne-t-elle  dana  sc  masse  un  tel  bruit  ? 

3"  Quelles  sont  les  sources  et  lc°  nlveaux  de  bruit  dlectromagndtlque  engendrds  par  l'incerface 
mer-alr  ? 

4°  Y  a-t-il  une  repartition  de  nappes  de  courant  dlectrlque  (plus  ou  molns  horizon. tales)  au  sein 
Jes  mere  et,  dans  la  mesure  oO  ces  coutants  comportereient  une  ccsnposante  continue  (ou  pseudo  continue) 
importante,  une  telle  composante  a-t-elle  une  influence  impertante  -  ou  tout  au  moins  appreciable  -  sur 
la  distribution  de  la  Ddcllnaison  Magndtique  au  descus  des  dtendues  ocdanlques  :  hypothlse  de  SHULEIKIN  (S)  ? 

5*  Comment  les  variations  magndtiques  (et  dlectromagndtiques)  naturelles  venant  de  1 'envlronneraent 
spatial  de  la  Terre,  pdndtrent-elles  reellempnt  dans  les  masses  ocdanlques  et  comment  -  a  des  profondeurs 
falbles  ou  raoyennes,  ne  devant  pas  ddpassev.dsns  l'dtat  actuel  des  possibllitds  techniques,  2000  a  3000  m  - 
peusent  elles  Itre  utilisdes  pout  des  sondaees  magndto-iellurlques  du  sous-sol  marin  ? 

Ne  p>.uvant  pao  traiter  tous  ces  problimes,  nous  nous  limlterons  A  ceux  pot:  lesquels  nous  pensons 
que  nos  efforts  ont  pu  apporter  quelque  contribution  eff  icace,  ausst  petite  sole  elle,  en  donr.ant  les 
conclusions  correspondantes. 

Bruit  rayonnd  pgr  les  fonds  matins.  L'hypothlse  fondamencale  eat  celle  sulvant  laquells  un  guide 
d'ondes  sub-terrestre  (couche  de  haute  rcsistlvltd  dlectrlque  comprise  entre  deux  masses  conductrlces) 
seralt  capable  de  permettre  .a  propagation  d'ondes  dlectromagndtiques  de  frdquences  extremement  basses 
(au  maximum,  quelques  dizalnes  ou  quelques  centaines  de  ll'.rtz)  sur  des  distances  asset  grandes  (des  cen- 
talnes  ou  des  mllllers  de  kilomltreu) .  Blen  encendu,  11  ne  sufflt  pas  que  ce  guide  exlste,  encore  faut-tl 
qu'une  dmlsslon  dlectromagndtique  (naturelle  ou  artificiellc)  puisse  y  pdndtrer.  Au  pole,  de  rdeeption 
(supposd  assurd  par  le  bathyscaphe),  11  convient  aussi  que  la  transmission  du  guide  vers  les  couches  d'eau 
surm«ntant  le  fond,  puisse  so  faire  sans  trop  d 'attdnuatlon.  Cette  dernllre  condition  -  blen  qu' irapdrative  - 
paratt  cependant  la  plus  facile  a  remplir  :  nous  savons  que  les  quelques  mitres  qul  sdparent  les  sondes 
rdceptrlces  du  niveau  du  fond  rO  s'est  posd  le  bathyscaphe,  tmposent  une  attdnuatlon  moddrde  pour  des 
ondes  dont  la  frdquence  ne  ddpasseralt  pas  une  centaine  de  Hertz  (''e  I'ordre  de  8,6  dn.  -  correspondant  a 
la  3it*  “profonrfeur  de  pdndfration"  d»  25  n  ii  100  Kz  ,  la  plus  grande  partle  ue  ces  25  m  peuvant  Itre 

consaerde  a  la  traversde  de  la  portion  des  sddiments  trig  irabibde  d'eau  de  mer  et  qul  prdsente,  dc  ce  fait, 

■  e  conductivity  do  mime  orare  de  grandeur).  En  faif,  tout  ddpendra  sur  ce  point  de  t'dpalnscur  totale 
des  sddiments  de  haute  conductivity  et  de  la  profondeur  (soit  qu'elle  sole  seulement  d'une  dlzaine  de  ktlo- 
mltres,  soit  qu'elle  soit  plusleurs  fois  supdrieure  A  c„  chiffre)  a  laquelle  la  couche  de  hzute  rdsistivttd 
passarait  au  dessous  du  fond.  Indiquons  qu'il  »st  arrlvd  un  petit  nombre  de  tots  que  le  bathyscaphe  se 


pose  fur  de*  plaine*  abysssles  a  fond  rocheux  (en  dehors  du  css  -  peu  fntSressant  pour  nos  dtudes  et  qul 
e  iti  rdallsg  assez  souvenc  lors  de  plongdes  destlndes  i  dss  recherches  gdologiques  •  0C1  il  a  explord  at 
s'est  post  eu  fond  de  ravins  rencontres  sur  les  talus  cdtlers  et  leurs  eboulis),  male  11  .-it  difficile 
d'ltre  sOr  de  l«  contlnulte  rocheuse  d'un  tel  support  car  11  arrive  que  de  grandes  dalles  rocheuses  repo- 
sent,  en  fait,  sur  une  couche  sous-jacente  de  sediments. 

Bn  ce  qul  concerns  le  guide  tui-mtrae,  les  discussions  relatives  .4  son  existence  dventuelle  n'ont  guSre 
progresse  depuls  le  Symposium  AGARD  de  1966  (6).  Tout  depend  des  r6slstl'‘lt6s  maxima  les  previsibles  pour 
le  couche  interned iaire,  car  en  ce  qul  concerns  les  deux  milieux  conducteurs  qul  la  bornent  au-dessus  et 
au-dessous  d’elle,  leur  presence  n'est  plus  mise  en  doute  :  au-dessus,  se  trouvent  dvlderanent  les  couches 
tedimentsires  plus  ou  moins  humldes  et  les  mers  elles-mBmes  ;  au-dessous,  se  trouve  (corame  on  peut  le  con- 
slddrer  come  def inltivement  etabli  maintenant)  la  couche  a  haute  conductlblllte  dite  "couche  conductrlce 
lntercalalre"  (7),  que  t'on  sltue  dans  le  Manteau  Superieur  a  une  profondeur  asset  variable  qul,  sous  les 
oceans,  pourralt  n'Stre  que  de  deux  ou  trols  dizalnes  de  kilometres  (alors  qu'on  la  sltue  entre  AO  et  100  km 
en  diverges  regions  contlnentales)  et  prdsente  une  reslstlvlte  aussi  faible  que  10  ou  40  ohm.m  (8)  et  (9). 
Pour  que  las  proprietds  du  aulde  puissent  se  manlfestar,  11  convlendralt  de  pouvolr  tabler  sur  une  rdsis- 
tlvit e  au  moina  igsle  a  10°  ohm.m  pour  la  couche  qul  le  conscltueralt , 

Le  point  le  plua  ddllcat,  et  le  plus  douteux,  reste  celui  de  l1 injection  des  fluctuations  dlectro- 
msgnetlques  externes  k  I'lntdrleur  de  Is  coudhe.  tl  faut  pour  cela  qu'une  masse  compacte  et  suf £ tsamment 
rdslstsnte  pulsse  assurer  la  liaison  dlectromagnftlque  entre  d'assez  vastes  portions  du  sol  continental  et 
les  portions  lntdretsdes  du  Manteau  Superieur.  De  tallas  masses  existent,  la  preuve  de  ce  fait  pouvant 
(tre  conslddrde  coome  dtablle  par  le  succ&s  mime  des  determinations  de  la  couche  conductrlce  lntercalalre 
(du  Manteau  Supdrleui) ,  obtenues  par  la  m6thode  des  Bondages  profonds  magndto-tellurlques.  En  effet,  si 
ces  Bondages  ont  pu  donner  des  rdsultats  affirmatlfs  e'est,  obllgatc'rement,  que  les  ondes  tlectromagnS- 
tlques  naturelles  (ventnt  de  I'extdrleur  de  la  Terr#  :  cavltd  Terre-Ionosphdre ,  Ionosphere,  Magnetosphere, 
etc.)  qul  constituent  les  slgnaux  d'excltstion  utilises  exclusivement  dsns  ce  type  de  sondages,  avaient  pu 
atteindra  cett*  couche  conductrlce  lntercalalre,  done  -  k  fortiori  -  Us  couches  trfcs  resistances  formant 
le  guide  d'ondes  recherche  (s' 11  exlste).  Le  problem#  du  cholx  des  sites  convenant  a  une  exploration 
msgneto-tellurlque  profonde  du  Manteau  Superieur  et  de  ceux  qul  permectralent  une  Injection  de  slgnaux 
naturela  dans  ce  guide,  est  done  bian  unique  dans  son  prtnclpe.  II  y  a  cependant  une  distinction  irapor- 
tsnte  k  faire  dans  les  deux  faces  de  cetce  question  :  le  geophysiclen  qul  desire  rnettre  en  oeuvre  un  son- 
dsge  magneto-teliurique  profond  peut  se  contenter  d'une  etendue  relatlvement  moyenne  (domaines  llndalres 
de  quelques  centalnes  de  kilometres)  pour  la  region  de  surface  de  haute  rdslstivlcd  convenant  a  la  pene¬ 
tration  de#  ondes  (pulsqu'll  capte  A  un  mg me  site  lea  effats  "aller-retour",  si  on  peut  alnsl  s'exprimer, 
des  slgnaux  d'excicatlon  ;  eu  contralre,  s'll  s'agit  d'escompter  une  Injection  auf flsaiment  efflcace  de 
ces  rntmas  ondes  dans  un  guide  sub-terreatre  de  grande  etendue,  de  trfes  larges  surfaces  sont  requises  pour 
que  cette  Injection  pulsse  mettre  en  jeu  des  flux  dnergdtlques  sufflsants,  De  telles  surfaces,  ayant  les 
ordrea  de  r6alaclvlt6s  requises,  existent  blen  en  diverses  regions  du  Globe,  mais  jusqu'a  present, les  eam- 
pagnes  du  bathyscaphe  n'ont  pas  eu  lieu  a  proxiraite, ce  qul  aurait  facllltd  la  recherche  de  l'effet  envisage. 

La  campagne  la  plus  favorable  k  c ft  sujet  a  <td  cell#  de  1967  au  Japon  -  de  vastes  regions  du  Xord-Est  de  la 
Slbdrle  pouvant  conatltuer  la  zone  d'lnjectlon  (avec  des  rdslstlvltds  superf Iclelles  de  l'ordre  de  I05ohm.m) . 
Le  "bouclier  canadlen",  le  masalf  du  Hoggar  en  Afrlque,  de  vastes  portions  de  I'Australie,  devralent  pouvolr 
assurer  une  bonne  penetration,  avec  dee  rdslstlvltls  superf  iclelles  pouvant  atteindre  1.  lo‘)  ohm.m  .  Des 
zones  d'lnjectlon  encore  plus  ef fleeces  doiver.t  itre  constitudas  par  les  grandes  carapaces  glacl&res  recou- 
vrsnt  le  Groenlsnd  et  le  Continent  Antarctlque,  avec  des  reslstivites  de  l'ordre  de  107  ohm.m  pour  les 
masses  de  glace,  que  I'on  peut  suppossr  raccorddes  directement  a  des  masses  granitlques  sous- Jacentes  de 
rdslstlvltes  comprises  entre  10”  et  107  ohm.m  ,  Mala  des  llevx  de  plongdes  connodes  ne  se  trouvent 
pis  a  proxlmltd. 

Nous  rdsumerons  la  dlscusnlon  prdeddente  en  renarquant  que  I'exlatence  d'un  guide  d'ondes  pseudo- 
horltvntal  pourralt  itre  conslddrd  comme  le  prolongeoent  lateral  de  la  penetration  suivant  la  vertlcale 
daa  ondes  dlectromagndtlques  naturelles  servant  a  la  prospectlon  magndto-teHurique  profonde.  A  pdrlodes 
(ou  frequences)  dgsles  pour  les  endes  en  cauxe,  on  dolt  done  s'attendre  a  trouver  des  distances  de  propa¬ 
gation  horlzontale  ayant  au  moins  le  mine  ordre  de  grandeur  que  les  profondeurs  de  penetration  vertlcale 
attelntea^'est-a-dlre  une  centalne  de  kilometres.  En  fait,  on  est  en  droit  d'espdrer  une  propagation  dans 
le  guide  horizontal  aur  des  distances  beaucoup  plus  dlevdesj  d'une  pare,  a  cause  des  reslstivites  plus 
grandes,  d* autre  part,  parce  que  la  propagation  dans  un  guide  -  done  avec  parols  rdfKchissantes  -  donne, 
i  rislstlvites  et  pdrlodes  dgales,  des  distances  de  propagation  plus  lolntalnes  que  celles  lmposdes  par  la 
simple  consideration  du  "skin  effect"  valable  pour  des  ondes  planes  se  propageant  dans  un  milieu  prdsentant 
de  vastes  dimensions  laterales. 

Nous  retlendrong  aussi  de  cette  coraparaison  entre  nC'e  problem#  de  propagation  et  celul  des  Bondages 
magneto-tellurtques  profonds,  des  donndes  utiles  concernant  l'ordre  de  grandeur  des  frequences  k  utlllser. 

On  t-ouvera,  en  partlculler,  dans  les  absques  etablls  par  H.  FOURNIER  (  10),  la  determination  de  ces  fre¬ 
quences  en  fonctlcn  des  reslstivites  de  surface  admises  pour  les  regions  d'lnjectlon, et  des  profondeurs 
supposdes  neccasalres  pour  atteindre  le  guide  d'ondes  sub-terrestre .  On  verra  que,  si  on  laisse  de  cDtd 
le  cas,  particulierement  svsntageux  d'une  penetration  en  surface  k  partir  d'un  glacier,  ce  qul  condulrait 
k  une  frequence  de  l'ordre  de  100  Hz  pour  atteindre  une  profondeur  minlmale  de  70  km,  des  frequences  Infe- 
rleures  k  l  Hz  (c'eat-a-dlre  des  pdriodes  supdrleures  k  la  seconds)  paraissent  neceaaalres.  Ceci  semble 
devoir  rdduiee  notre  champ  d'actlon  pour  la  recherche  d'une  emission  par  le  guide  qul  ser3it  ddtf.ctde  au 
fond  det  mers,  n  celul  des  variations  magndtlques  naturelles  dltes  "rapides",  comprenant  toute  la  gamme 
dea  phenomena*  pulsatolres  plus  ou  moins  rdguliers  dont  l’enreglstreraent  n  la  surface  du  Globe  rentra 
raalntenent  dans  la  routine  d'un  grand  n ombre  d'observatoires.  Certalnes  de  ces  pulsations  sont  quasl-perma- 
nentea  (si  on  consider#  leurs  dlversec  bandes  de  frequences),  d'autves  seulement  episodlques.  II  convlen- 
dralt  dr  leur  ajouter  la  plupart  des  variations  de  plus  grandes  amplitudes  lldes  aux  perturbations  magnd- 
tlques  (naturelles)  de  toutee  sortes,  notaiment  aux  "bales"  -  ou  orages  magrietlques  eldmentalres  -  et  aux 
grands  orages  msgndtiques  mondlaux. 

SI  I'on  se  reports  a  nos  experiences  passfes,  on  se  rend  corapte.a  la  luraiere  de  nos  conr.alssances 
sctuolles,  que  notre  cnolx  de  bande  passant#  -  done  de  ph6nom£nes  -  n'ltait  pas  parfalt,  l'ayant  ax6  sur 
des  frequence*  trop  (Slevdes  (done,  ayant  fait  preuve  d'un  "optlmlsme"  que  l‘on  peut  trouver  maintenant 
exagdr i)  ;  nos  plongSes  de  Porto-Rlco  dtalent  devoluts  k  la  recherche  dea  pertes  (toujours  par  le  fond  de 
la  mer)  du  60  Hz  des  vlseaux  de  distribution  d'i-nergle  du  continent  amdrlcaln  ;  celles  des  campagne* 
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suivantes  out  AtA  orlentAes  -  suivant  une  suggestion  de  H,  FOURNIER  (11)  -  sur  is  recherche  dee  frequences 
resonance  de  Schumann,  c'est-a-dire  sur  les  possibility  d'un  couplage  entre  la  resonance  de  la  cavltA 
externe  Terre-Ionosphlre  et  la  "cavite"  AleetromagnAtiquc  sub-terrestre  dont  nous  essayons  de  raettre  en 
evidence  1'exlstence.  Cecl  nous  a  conduits  i  falre  descendre  en  frequence  les  possibiiite*  de  notre  appa- 
reillage,  de  fagon  A  Itre  a  mime  d'observer  la  resonance  fondamentale  (sur  environ  8  Hz)  et  les  "suplrleurs" 
(ou  pseudo-harmoniques",  sur  14,  20,  26,  32  Hz,  etc.)  susceptlbles  de  se  presenter.  Cecl  a  et#  realise, 
en  partlculier,  en  passant  du  type  d'enregistrement  sur  bands  magnltique  dlt  "direct"  (qul  ne  permet  guire 
de  descendre  en  frequence  au  dessous  d'environ  30  Hz)  a  un  enreglstrement  en  modulation  de  frequence  ("HF"). 
(Remnrouon*  que,  de  toute  fa;on,  11  eut  #te  Impossible,  en  pratique,  de  prolonger  lors  des  campagnes  de 
Grice  et  de  Madire,  nos  essais  de  Porto-Rico  axes  sur  les  frequences  des  rdseaux  d' alimentation  en  Inergle 
eisctrlque,  car  s' 11  a  et#  relativement  als#  -  par  des  analyses  spectrales  faltes  au  laboratolre,  en  France  - 
de  rechercher  la  presence  d'un  eventual  signal  sur  60  Hz  sur  les  bandes  magnetlques  enreglstrAes  A  Porto- 
Rlco,  11  eut  et#  tout  a  fait  lllusoire  d'espdrer  pouvolr  decider  -  en  continuant  a  fair e  les  dlpoull laments 
en  ce  mime  laboratolre  -  si  un  signal  sur  50  Hz  avait  AtAjOu  non,  collect#  et  enregistre  sur  ces  mimes 
bandes,  en  Grice  ou  A  Hadlre.  II  auralt  done  fallu,  si  nous  avions  voutu  pousser  cette  question,  completer 
parfaltement  la  symAtrie  des  operations  en  faisant  falre  les  analyses  spectrales  de  nos  enregistrements 
dans  un  laboratolre  amir lea In  aliment#  en  Anergle  Alectrique  exc luslvement  sur  #0  Hz  I). 

Passons  aux  rAsultats  en  ces  matures  :  En  ce  qui  concerne  le  60  Hz  ,  la  rAponse  experimental  a 
ltd  tris  nettement  negative.  Nos  enregistrements  de  Porto-Hlco  ne  portent  aucune  trace  de  60  Hz,  cecl 
jusqu'au  seull  detectable  de  2,10*^  watt/m  .  D'aflleurs,  mime  en  surface,  le  60  Hz  Issu  du  Continent 
Amcrlcaln  (par  ses  cites)  est  tris  rapldement  courtcirculte  par  la  mer  a  une  distance  de  ces  cites  ne  dApas- 
sant  pas  une  vingtalne  de  kilometres.  II  est  done  gAographiquement  Inexact  de  considArer  que  la  surface  de 
notre  Globe  soft  polluAa  dans  sa  plus  grande  part  par  les  pertes  d'Anergie  eiectrlque  d'orlglnes  industri- 
elles  ou  humalnes,  que  ce  soft  sur  60  Hz  ou  sur  50  Hz.  L'idAe  contra  Ire, que  nous  avions  avant  que  nos 
mesures  ne  nous  amenent  a  cette  conclusion,  venalt  de  ce  que,  effectivement,  la  plupart  des  lleux  oh  un 
expArlmentateur  -  phystclen  ,  geomagnetic len,  etc,  -  desire  en  gAnAral  s'etabllr  comniodAment  pour  falre  ses 
mesures  ou  observations  delicates,  sont  presque  tou jours  polluAs  a  un  degrA  tel  qu'll  est  difficile  d'en 
protAger  efficacement  ces  mesures.  Mais,  abstraction  falte  de  ces  commodltes,  et  ralsonnant  dans  un 
concept  de  pure  geophysique,  nous  pourrlons  constater  que  toute  1*  surface  des  mers  et  leur  seln  mime,  si 
on  fait  exception  de  quelques  dizalnes  de  ktlomltres  au  volslnage  des  cites,  Achappent  encore,  actuellement, 

A  ces  perturbations.  Cecl  ne  veut  pas  dire  qu'll  solt  tou jours  commode  d'en  prof Iter;  sans  oubller  que  les 
expArimentateurs  eux-mlmes  apportent  souvent,  par  la  mise  en  oeuvre  d' installations  electrlques  de  fortune, 
des  perturbations  locallsAes  mats  d'un  niveau  #leve. 

Quant  aux  oscillations  correspondant  A  la  resonance  de  Schumann,  les  plongees  des  deux  campagnes  de 
Grice  (1965)  et  de  Madire  (1966)  ont  AtA  tout  spAclalement  orlentees  en  vue  de  leur  detection,  ainsi  que  les 
analyses  spectrales  les  plus  poussees  qui  ont  #te  faltes  ensulte  au  laboratolre.  MaigrA  cela,  tl  est  dif¬ 
ficile  d'apporter  une  conclusion  parfaitement  nette.  Independarament  des  solns  que  nous  avions  donnA  a  ces 
mesures,  deux  circonstances  dAfavorables  rendaient,  en  effet,  les  signaux  que  l'on  pouvait  attendre  plus 
falbtes  que  ceux,  qu'en  d'autres  circonstances,  on  pourrait  essayer  de  capter  !  d'une  part,  1 'eloignement 
trop  grand  des  zones  de  plongees  des  regions  continentales  les  plus  propices  aux  Injections  AlectromagnA- 
tlques  venant  de  1'exterleur  j  d'autre  part,  l'absence  de  mesures  sur  fonde  rocheux.  be s  spectres  d'energie 
obtenus  a  partir  des  enregistrements  montrent  presque  tous  une  lAglre  bosse  entre  24  et  26  Hz  -  qui  pourrait 

ainsi  Itre  la  trace  du  quatrieme  harmonique  de  la  resonance  do  Sch’miann  -  mais  l'absence  du  fondaraental  et 

des  harmonlques  precedents  rend  cette  conclusion  incertalne.  Lors  des  plongees  de  la  campagne  du  Japon, 
les  circonstanczs  gecgraphlques  et  gdologiquea  Atalent,  en  prlnclps,  plus  favorables,  mais  les  enregistre- 
ments  qul  -  pour  d'autres  raisons  -  avaient  et#  falts  en  "direct"  et  non  en  "modulation  de  frequence",  ont 
et#  plus  difficlles  A  analyser  avec  slretA  dans  la  bande  de  frequence  IntAressAe  et,  de  ce  fait,  n'ont  pas 
pu  nous  ipporter  de  conclusion  plus  definitive.  On  peut  retenir  de  cet  examen  que  -  en  dehors  de  "rales" 
perturbatrices  dont  l 'origins  artificielle  est  malntenant  blen  etablle  (et  qul  -  ainsi  blen  connues  •  ne 
sont  plus  gutre  glnantes  pour  nos  recherches,  ne  seralt-ce  que  par  leur  finesse  mime  (leur  inconvenient  le 

plus  serleux  est  de  provoquer  des  saturations  des  amplificateurs  d'entrAe  si  on  n'a  pas  reussl  a  les  filtrer 

convenab lenient) ,  un  certain  nombre  de  "bosses",  dont  1'orlglne  paratt.  Itre  nsturelle,  se  retrouvent  a  place 
A  peu  prls  fixe  dans  les  analyses  spectrales  de  nos  enregistrements,  mats  cecl  avec  des  InteneltAs  tris 
variables  qul  -  quano  ces  intznsitAs  sont  trop  basses  -  les  fait  passer  au-desso.s  des  seuils  de  bruit 
aleatolre  que  comportent  Agalement  nos  enregistrements  (solt  le  bruit  ultlme  e-  appareillages,  soil  des 
bruits  naturels  sur  lesquele  nous  revlendrons  plus  loin).  Dans  la  mesure  oil  ) '  n  *ut  voir  dans  ces  "bosses" 
les  effets  de  1'excitation  d'enserable  d*  tout  le  Globe  Terrestre  par  cette  at:'.  ilectromagnAtlque  externe 
d'origine  mAtAorologlque  responsable  Agalement  de  la  resonance  de  Schumann,  on  ,  t  contprendre  que  -  la 
"cavite  electrcmagnetlque"  interne  supposie  ne  pouvant  avoir,  dans  aucune  hyporr.ise  vraisemblable ,  des  qua- 
lltes  de  resonance  comparables  a  celles  de  la  cavite  externe  -  le  couplage,  direct  ou  Indirect,  s'il  exlste 
entre  ces  deux  "cavlLAs",  ne  doit  guire  pouvolr  produire  des  signaux  bien  organises  dans  la  cavite  interne. 

Ce  couplage  reste,  cependant,  une  source  de  bruit  dont  le  niveau  peut  Itre  nettemer.t  supArleur  aux  seuils, 
tris  bas,de  bruit  nature!  auxquels  ou  pouvait  s’attendre  A  grande  profondeur. 

Bien  qu'en  cette  matlire  les  evaluations  quantitatives  restent  precnires  indiquons,  A  titre  d'exemple, 
comment  nous  pouvons  determiner, A  partir  d,i  rAsultat  des  analyses  spectrales,  Us  ordres  de  grandeur  des 
energies  mises  en  jeu  correspondent  a  la  bosse  centrAe  (approxlmatlvement)  sur  25  Hz  .  Les  spectres  cbtenus 
donnent,  en  2 

(gauss)  /  Hertz  la  repartition  spectrale  de  la  puissance  captAe. 

Prenant  un  rA6ultat  moyen  de  plongAes,  nous  trouvorn.  ainsi  une  bosse  s'Atalant  entre  23  et  27  Hz  , 
dont  I'ordonnAe  moyenne  est  de  1'ordre  de 

(  l  /  100  de  gat«na  )^  ,  solt  (  10  7  gauss  )‘,  (  le  "gamma"  unltA  usuelle 

des  gAoraa ;nAtlolens,  valant  10  ®  gauss  )  ,  Nous  en  dAdulsons  ’a  valeur  10  ^  x  4  x  1  / 8rr  erg/cm'* 

pour  la  densltA  AnergAtlque  correspondante  (tenant  compte  de  la  bande  passante  de  4  Hz  sulvant  laquelle 
s’Atale  la  bosse),  valeur  qu'll  suffira  de  nultlpll  •  par  la  vltesse  de  propagation  moyenne  dans  I'eau  de 
mer,  pour  les  ondes  de  la  frAquence  consldArAe,  pour  -  tenant  compte  des  unit As  utlllsAes  -  obtenlr  le 
flux  d'Anergie  correspondant. 

Pour  la  frAquence  de  25  Hz  la  vltesse  de  propagation,  dAduIte  de  la  formule  : 
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v  -•  {Ibjjtry)  '  vatable  dans  tout  syatime  e.ra.  rationalist,  dan*  laquelle 
v  c*t  1*  vitesse  de  propagation,  U>  la  pulsation,  <T  la  conductivltd,  p.  la  permdtbilltd  (prise 
icl  avec  le  facteur  4  n  provenant  de  la  rationalisation),  prend  la  valeur  9.  10^  m/s  , 

Bn  exprlaant  toutca  les  donnfes  en  unitds  M.K.S.A,  ,  nous  obtenons  alnsl  pour  le  flux  d'dnergle 
(plus  exactement,  11  s'aglt  d'un  flux  de  puissance)  correspondent  A  1‘ ensemble  de  la  bosse,  1 'expression 
numdrlque  suivante  : 

(  10  l4x  4  x  l/8n  x  10  1  )  Joule/m^  x  (  9,  10"*  )  m/s  soit  1,4  ,  10*^2  uatt/m2 

On  volt  que  la  valeur  obtenue  est  largement  supdrieure  a  t'ordre  de  grandeur  dee  flux'de  puissance 
detectable*  par  nos  enreglatreaents,  Blen  entendu,  les  conclusions  prdcddentes  comportent  une  large  part 
d* incertitudes  dues  essentlellement  au  fait  que  -  dsns  1' ignorance  des  radcantsmes  exacts  et  de*  causes 
prdclses  des  fluctuations  enreglstrdes  -  11  n'y  a  pas  qu'une  vole  unique  pour  ddboucher  sur  des  conclusions 
nuradrlques. 


Bruits  slsmioues  -  Bruit  blanc  rayonnd  au  volslnage  dj  fond. 


La  conclusion  prdcddente  s'appllque, 


en  particuller,  a  divers  bruits  que  nous  evens  enreglstrds,  soit  posts  sur  le  fond,  solt  en  nous  approchant 


du  fond,  qul  •  blen  que  ddpassant  nettement  les  seulls  llmites,  va tables,  que  pouvalent  assurer  nos  enre- 
glstrements  -  n'ont  pu  ttre  dtudlds  suffisamroent.  Nous  nous  llmiterons  done,  en  ce  qul  les  concern*,  a  de 


brdves  donndes  , 


Les  plus  prdclses  concernent,  non  pas  un  bruit  proprement  dlt,  male  un  balancement  rythmlque  auquel 
est  soumls  le  bathyscaphe  post  sur  le  fond  (mime  quand  il  appule  sur  ce  fond  avec  un  poids  effectif  de 
plusleurs  centalnes  de  kilos).  Ces  oscillations  sont  pseudo-pdrlodlques,  les  pdriodes  dtsnt  comprises 
entre  4  et  6  secondes.  Ce  phdnoo&ne  n 'a  dtd  mis  en  Evidence  que  lors  de  plongdes  sur  des  fonds  de  Mlditer- 
ranfe  au  Urge  de  Toulon  (profondeurs  de  2000  et  2500  mdtres)  pour  leaquelles  1 'appareillage  utlllsd 
penoettait  leur  mise  en  Evidence,  mats  11  est  probsblement  gdndral  et  attrlbuable  a  1'agltstlon  micro* 
sismtque. 


Alnsl  que  nous  I'avons  exposd  lors  du  Symposium  AGARD  de  1966  (6)  -  rejolgnant  les  rdsultat* 

donnds  par  E.F.  SODERBERG  A  cctte  mime  rdunton  •  un  bruit  e.m.  de  type  incohdrent  apparatt  quand  le 
bathyscaphe  se  rapproche  du  fond  (quelle  que  soit  Is  profondeur  de  celui-cl)  et  perslste  mime  aprds  plu- 
sieurs  heures  d'lmisobilltd  sur  le  fond.  (Nous  faisons  abstraction,  icl,  d'un  bruit  artlflclel  provoqud 
par  les  nuages  de  vase  soulevda  par  I'approche  du  bathyscaphe).  Cn  bruit,  qul  a  les  caract&re*  gdndraux, 
plus  ou  moins  parfaits,  d'un  bruit  blanc.  peut,  dans  une  certaine  assure,  ttre  conslddrd  comme  le  renfor- 
cement  du  bruit  qul  accoapsgne  d'une  faqon  quasi-permanent*  le  bathyscaphe  en  plongde.  (Blen  que  ce  bruit 
ait  tous  les  caractdres  d'un  phdnomdne  aldatolre,  il  y  a  corrdlatlon  entre  sea  deux  composante*  enregis- 
trdes,  respectivement,  par  vole  magndtique  -  sonde  -  et  tellurlque  -  dlectrodes  sur  parches  •  ce  qul,  les 
deux  voles  dtsnt  traltdes  en  route  lnddpendance  d' appareillage,  confiroe  leur  caractire "ext erne*,  nature  1). 
11  y  auralt  done  la  un  effet  de  renforceoent  (par  exemple  par  rdflexlon)  par  le  fond. 


Une  autre  portion  de  ce  bruit  paratt  avoir  son  orlglne  tyoiquament  sur  le  fond  lut-mtm*.  Nous  ne 
ddvelopperon*  pas  ce  sujet  ici,  mats  nous  rappeClerons  les  conclusions  auxquelles  nous  dtlons  arrivds  prd- 
eddemment  (3),  (4),  A  savolr  s  qu'une  partie  de  ce  bruit  doit  ttre  imputable  aux  courants  mar Ins  (hydro- 
dynamlques)  toujours  presents  sur  le  fond  -  alnsl  que  le  met  en  Evidence  1 'observation  directs  -  et  aux 
micro- tourbl lions  qul  les  accompagnent  ;  qu'une  autre  partie  pourralt  vralsemblableoent  ttre  causde  par 
l'actlvitd  -  A  la  fols  chlmlqua,  physlco-chialque,  et  biologique  -  qul  anioe  1' Interface  sol-mer.  Interface 
particulldrement  active  aur  certains  fond*  sddlmentslr ou  aur  des  fondt  o(3  affleurent  des  minerals  (12). 


D'une  faqon  globale,  on  peut  Avaluer  •  en  fonctlon  dee  "rdsldus  ^ectraux  da  csract&re  aldatolre" 
explicit!*  par  nos  analyses  spectrales  -  a  un  niveau  de  l'ordre  de  J0-14  ^  ^fl-13  watts/m2 

les  flux  de  puissance  attribuables  A  ces  bruits.  (Dans  le  css  d'effets  du*  A  des  gisements  de  minerals 
ces  niveaux  pourralent  ttre  beaucoup  plus  dlevds). 


Bruit  out  auralt  sa  source  dans  la  masse  mime  des  mer*.  C'est  1A  un  aspect  important  de  notre  pro- 
bldme  gdndral  et  il  conviendrait,  en  consdquence,  d'ltre  a  mtrae  da  l'dtudier  soigneusemert.  Cependant, 
ceci  nous  encralneralt  trds  au-dela  des  llmites  de  notre  exposd  par  le  fait  que  Is  discussion  qul  devrait 
ttre  mise  en  oeuvre  devrait  aborder  et  tenir  compte  d'un  norabre  important  de  phdnomdnes  physiques  dont 
plusleurs  ne  sont  que  trie  iapar, 'alternant  dclaircis  au  stade  du  laboratolre.  D’autre  part,  no*  propre* 
expdrtences  -  une  fols  dlsguds  certains  phdnomdnes  perturbateurs  dont  la  manifestation  nous  avalt  lntrlgud*  * 
ne  peuvent  pour  I’lnstant  apporter  de  contribution  prdcise  sur  ce  point.  Les  phdnoat&ne*  perturbateurs 
auxquels  nous  faisons  allusion  sont  les  rales  fines  que  nous  obtenlon*  dans  nos  analyses  spectrales  (y 
compris  celle  sur  40  Hs  environ).  L’orlgtne  de  ce*  rsle*  a  dtd  enttdremant  dclaircle  maintenant  (rales  du 
rdsonance  de  diverse*  parties  du  bathyscaphe,  dont  la  sph&re-nabltacle)  et  il  n'y  a  pas  A  la  rechercher 
dans  des  effets  natural*,  Cecl  n#  slgnlfte  pas  que  de  tela  effets  n'exlstent  pas  et  11  est  possible  qu'lls 
contrlbuent  a  la  constitution  du  bruit  blanc  dont  nous  nous  » cranes  occupds  prdeddenment .  Ssn*  pousser 
plus  loin  cet  examen,  stgnalons  parmi  les  causa*  dont  le*  effets  seraient  susceptible*  d’ltre  apprdclables  : 
d'une  part,  1'egitation  mdcanlque. aldatolre. que  l'on  salt  maintenant  exister  au  sein  des  raers  (courants  de 
convection,  turbulence,  tourblllons,  etc.  (33)  );  d'autre  part,  les  irrdgulsrltds  auxquelles  pourralent 
ttre  soumises  des  nappu#  de  courants  dlectrlquas  qul  -  suivant  l'hypothdse  de  5HULEIKIN  (JT/W— clrculeralent 
A  certain**  profondeurs  dans  les  mers  (prlnclpalement  entre  600  et  1000  m  de  profondeur) ,  Nous  reviendron* 
suv  ce  deuxldme  effet,  mals  A  un  autre  point  de  vue.  En  ce  qul  concerne  le  premier  type  d’actlon,  11  s'aglt 
d'effets  mdcanlques  (hydrooy.  mlques),  mals  on  salt  que,  se  produisanc  en  prdsence  de  la  partie  fixe  du 
champ  magndtique  terrestre  (qul,  dtant  continue,  peut  pdndtrer  a  toute  profondeur)  11*  s*  trar.sfonjeront  par 
Induction  en  effets  dle.ctriques  et  dlectromagndtlques .  Les  mesures  directs*,  clndraatiquet ,  dtant  ellea- 
mtmes  trds  ddllcates,  il  se  pourralt  que  des  mesures  dlectromagndtlques  spdclaiement  ccntues  A  cette  fin, 
pulssent  les  dpauier  utlleoent. 


3rult  en  provenance  de  1' Interface  air  mer.  Nous  en  dlstinguerons  deux  types,  de  natures  et 
d'lmportances  trds  diffdrente3.  Il  y  a  d'une  part,  le  bruit  engendrd  par  i’lnterface  elle-mime,  prlnclpa- 
iement  par  route  la  garnree  des  vagues  ;  d'autre  part,  le  bruit  qul  vlent  des  rdgions  sltudes  au-de*»us  de 
1 'Interface  (atmosphdre,  ionosphere,  magndtosphdre ,  espace  Interplandtalre,  etc.)  et  qut  is  traversant  de 
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haut  en  baa  pdndtrent  dans  la  mer. 

Le  premier  de  cea  effets  a  dtd  dtud'  par  plusltura  auteu.s  dont  WEAVER  (15), et  WARBURTEN  et 
CAMINITI  (16),  En  psrticulier,  WEAVER  a  .uontrd  que,  dans  le  cas  de  la  grande  houle  ocdanique,  I'effet 
dtalt  plus  Important  qu'on  ne  1‘avalt  eatlmd  prdeddenment.  Cependant,  atnsi  que  le  remarque  DUFFUS  (17), 
mtme  des  vague*  eases  loportantes  ne  produiaent  que  dea  champs  magndtiques  trie  falblea  (d'une  fraction 
de  gamma)  dia  que  l'on  ddpaase  une  profondeur  d'une  centalne  de  mitres  :  0,05  r  pour  dea  vaguesde  2,5  m 
de  haut  et  de  8s  de  pdrlode.  11  convient  cependant  de  dlstlnguer.dana  cet  exemen  de  I'effet  de  pro¬ 
fondeur,  entre  le  css  d'une  descente  au-dessus  d'un  fond  piofond  et  celui  o&  l'on  rejotnt  rapldement  un 
fond.  Les  rdsultats  dea  calculs  ne  a'appllquent  -  sous  leur  forme  premtdre  -  qu'au  premier  de  cea  deux 
cea  (dent  lequel  on  peut  ndgllger  I'tnfluence  du  fond  pulsqu'il  reate  toujoura  trie  au-desaoue  des  profon- 
deura  attelntea.  Dans  le  deuxfdme  cas,  nous  retrouvons  une  Influence  considerable  du  fond  (a  condition 
qu'une  fraction  appreciable  dea  slgnaux  lul  parvlenne)  qui  aglt  en  deforraant  conslddr«bl*n*nt  l'onde  de 
perturbation  pour  l'etaler  parallilement  a  lul-mjme,  e'est-a-dire  horlsontalement  dans  le  cas  le  plus 
simple.  Dans  cea  conditions,  un  renforcement  considerable  (plus  de  dix  tola)  de  le  perturbation  (n-esurde 
le  long  du  fond)  ae  manifests  gdndraleraent.  Ce  cas  eat  important,  car  c'est  celui  qui  viendre  en  appli¬ 
cation  chaque  fols  que  dea  installation  auront  dtd  faitea  a  ratine  le  fond  d'une  raer  pen  profonde  5  un 
effet  perturbateur  pourra  ainai  se  manifester  jusqu'a  plusleura  centalne*  de  metres  de  profondeur. 

Le  bathyscaphe,  engin  conqu  pour  les  grandes  profondeurs,  ne  convient  pas  -  ne  aeralt-ce  que  par 
l'utillaatlon  ddeatreuse  de  aes  budgets  de  fonctionnement  qui  en  rdsulterait  -  pour  dtudler  cee  conditions 
relatives  aux  falblea  profondeurs.  A  ce  point  de  vue  des  explorations  en  soucoupes  aeralent  plus  Indlqudes 
alnsl  que  cels  s  dtd  dtudld  par  DUFFUS  et  LAUKAY  (17).  Sans  sttendie  res  potslbilitdt  nous  avons  tentf, 
au  cours  de  l'dtd  1966  ,  de  mettre  en  place  une  expdrlmentatlon  fixe  permettant  de  nous  lnltler  a  ces 
prob limes.  La  raise  en  oeuvre  en  e  dtd  assurde  par  L.  LAUNAY  qui  a  pu  alnsl  obtenlr  1 'enregls tremcnt 
complet  de  t'orege  raagndclque  mondial  des  29/ JO  Aout  I9f>6  ,  a  partir  d'un  capteur  (tine  sonde  analogue  a 
celle  que  nous  utillsons  en  bathyscaphe)  inmergd  par  environ  60  m  de  fond  en  rade  de  Villefranche.  Quelques 
extrelts  de  cet  enreglstrement  sont  donnds  en  ANNEXE.  On  y  remarque,  en  dehors  des  variations  importantet 
(et  parfois  abruptes)  dues  a  l'orsge  (il  s'aglt  de  la  composante  horizontale  H  parallel*  au  mdrldfen 
magndtlque)  des  fluctuations  pulsdes,  quasi  permanentes,  d'une  pdrlode  voialne  de  7  secondes,  et  d'une 
amplitude  de  l'ordre  de  0,15  )*  .  Un  ddpoullle*nent  plus  ddtallld  portant  sur  les  trots  journdes  enregis- 
trdes  sans  discontinuity  (celle*  des  29,  30  et  31  Aout)  nous  montre  que  l 'amplitude  de  ces  oscillations 
crolt  dens  l 'ensemble  avec  leur  pdrlode  (avec  cependant  asset  <! ' Irrdgularicds  dans  les  rdsultats  d 'obser¬ 
vations  individue lies) ,  ce  qui  est  un  indice  Important  nous  candulsant  a  penser  que  ces  pulsations  sont  un 
effet  direct,  raagndtique,  de  la  houle  de  faible  amplitude  (pour  les  Journdes  conslddrden) ,  mats  rdgullire 
et  d'asset  longue  pdrlode,  qui  se  propageait  dans  la  bale.  Cecl  est  contralre  a  certalnes  premlires  con¬ 
clusions  (voir  notamment  la  rdf.  17  ,  p.  17,  toe.  clt.)  d'apris  lesquelles  I'effet  observd  auralt  dtd  erdd 
par  une  action  mdcanlque  des  vagues  (ou  de  la  houle)  sur  la  sonde  ...  ce  qui  est  par  allleurs  peu  probable 
la  sonde  ayant  dtd  flxde  rlgidement  par  des  colliers  sur  un  gros  bloc  de  clment  immergd  en  mdme  temps 
qu'elle.  D'autre  part,  une  action  mlcro-sismique  naturelle  paralt  exclue  car  elle  ne  pourralt  donner  que 
des  amplitudes  d'un  ordre  de  grandeur  plus  faible  et  des  pdrlodes  un  peu  plus  courtes  que  celles  observdes. 

>  tableau  suivant  rdsume ,  en  les  classant  en  trols  catdgories,  les  rdsultats  de  ces  observations, 
et  permet  leur  compareison  evec  les  valeurs  dddui  es  des  calculs  de  WEAVER  (15)  «n  les  appllquant  a  la 
profondeur  et  aux  pdrlodes  concerndes  et  en  les  rapportant  a  une  amplitude  nominate  de  la  houle  de  0,50  m  , 
Cette  dernl&re  valeur  pourra  parattre  trds  faible  et,  de  plus,  11  est  dvldent  que  nous  ne  pouvons  pas 
rddulre  notre  exaraen  a  une  relation  unique  entre  I'effet  raagndtique  de  la  houle  et  sa  pdrlode,  tout  en 
supposant  sor.  amplitude  constante.  Mats,  en  l 'absence  d 'enreglstrement  de  la  houle  au  cours  de  nos  trols 
journdes  d 'expdrlence,  et  tenant  compte  de  ce  que  la  mer  da  -  la  bale  dtait  particuilirement  calme  (par 
temps  pluvieux  et  vent  du  Sud-Est)  11  paralt  asset  valeble  d'adraettre  que  l'amplltude  des  effets  magndti- 
ques  engendrds  psr  le  houle  rdslduelle  dtait  surtout  sous  Is  ddpendence  da  le  pdrlode  exacte  de  celle-ci 
et  non  sous  celle  d'une  variation  d'amplitude  de  cette  houle.  Let  dlagraranes  dtablis  par  WEAVER  (cf, 
rdf.  15,  fig.  7  bis)  montrent  d'allleurs  clairemont  que  i'effet  magndtlque  est  beaucoup  plus  sensible  a 
le  pdrlode  de  la  houle  qu'a  son  amplitude  (les  calculs  font  d'allleurs  lntervenlr  des  relations  exponen- 
t lei les  dens  le  premier  cas,  et  slmpiement  lindalres  dens  le  second). 


VALEURS  OBSERVERS 

VALEURS  CALCULEES 

pour  les  mtmes  pdrlodes 
et  pour  une  amplitude  nominate 
de  0,50  m 

Pdrlodes  (s) 

Amplitudes  en  ganraas 

Amplitudes  en  gammas 

6,25 

0,  it) 

0,015 

7,14 

0.15 

0,04 

8,33 

0,20 

0,11 

Les  amplitudes  observdes  sont  done  trie  supdrieures  aux  amplitudes  ealculdes.  Evidemment,  cela  peut 
ttre  dO  a  l'amplltude  norainale  adoptde  arbitralrement  pour  la  hauteur  de  la  houle,  Cependant  11  seralt 
difficile  d'adraettre  -  pour  arrlver  a  dgaliser  plus  ou  rnoins  les  ordres  de  grandeur  mesurds  et  calculds 
pour  les  effets  magndtlques  -  que  la  houle  a  I'lntdrleur  de  la  bale  de  Villefranche  alt,  per  mer  calme, 
ddpassd  les  hauteurs  de  l'ordre  du  mdtre  qui  seraient  ndcessalres  pour  cela.  De  plus,  les  valeurs  mesurdes 
et  celculdes  ne  sont  pat  proportlonuelles  les  unes  aux  sutres,  ce  qui  fait  que  pour  les  pdrlodes  les  plus 
courtes  -  pour  lesquelles  I'dcart  est  le  plus  grand  -  11  faudralt  des  "rapiitudes  de  houle  de  plus  de  J  m  ■ 
Nous  pensons  done  que  cette  comparaieoa  des  deux  sdrles  de  valeurs  met  en  dvldence  "I'effet  de  fond"  dont 
nous  avons  parld  prdeddemment.  II  reete  cependant  a  expllquer  pourquol  cet  effet  ae  fond  serclt  plus 
marqud  pour  les  courtes  pdrlodes  que  pour  les  longues,  a  molns  d'adraettre  qua  -  sans  avoir  recours,  corane 
nous  venlons  de  l'envisager,  ,1  des  ordres  de  grandeur  absolus  de  la  houle  nettement  plus  forts  que  ceux 
que  nous  avons  supposds  -  l'amplltude  de  la  houle  de  courte  pdrlode  ait  dtd,  en  moyenne  (cecl  n'dtant  pas 
foredment  ur<  cas  gdndral  et  ne  s'appllquant,  peut-dtre  que  pour  les  trots  Journdes  conslddrdes)  plus  forte 
qui  celle  de  la  houle  de  pdrlode  plus  longue.  II  y  a  la  tout  un  ensemble  de  ddductlons  dont  certalnes 
peuvent  conserver  un  aspect  paradoxal,  mais  qui  lllustre  quand  mime  le  r81e  Important  joud  psr  les  fo.ids. 
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Ces  experience*  -  ou  d'autre*  analogue*  -  devralent  let*  reprises  pour  arriver  a  prdclser  ce  rOle.  II 
conviendrait  d'opdrer  dan*  une  gemm*  plu*  dtendue  de  profondeur*  et  -  ai  potaible  -  de  frequence*. 


Bruit  provenint  d«»  region*  sltuAe*  *u-det*ut  de  1' Interface  alr-mer.  Ce  sujet  eat  important,  mais 
comme  il  a*  trouve  traltd  dan*  un  grand  norabr#  d'articles  traitant  du  "MagnAtisrae  Externe"  et  constitue 
la  raatUre  de  baae  dea  chapltrea  sur  lea  "variation*  geomagnetiques"  qui  figurant  dan*  la  plupart  da*  traitea 

de  Magnetism*  Terrestre,  nou*  ne  ferons  que  quelqua*  brAve*  remarquea  A  son  sujet.  la  lecteur  pourr* 

consulter,  par  example,  le  precis  recent  de  J.  JACOBS  (18)  ou,  sous  une  forme  rdsuraAe  mats  adaptde  a 
notre  problem*,  la  communication  (19)  pr4**nte*  l 'an  dernier  par  1* auteur.  Ncu*  ciendrons  seutement  a 

rectifier  une  idee  quelque  peu  inexacte  •  ou  tout  au  moins  incomplete  •  que  l'on  volt  convent  expose*  par 

des  specialistes  de  t 'electromagnetism#  merin,  non  magneticlens,  quant  aux  sources  principalea  de*  actions 
elcctromagnetlquc*  perturbatrices  penetrant  dans  la  mer  a  partir  de  I'atmoaphAre.  1U  rddulsent  la  plupart 
du  temp*  ce*  source*  a  une  seule  :  les  "atmospheriques"  ...  (cea  dbrnlers  dcant,  evidemment,  envisages 
sous  leura  diverse*  formes  et  comprenant,  en  partlculier,  lea  oscillation*  de  Schumann  done  nous  avons 
deja  parle).  On  reconnatt  la  1c  souci  majeur  des  specialist**  des  transmissions  radlotdlegraphiques 
sdrlennes,  qui-  operant  a  des  frequences  en  general  4*  plualeurs  k(lo-Hertz  -  ne  sont  glne*  qu'exceptlon- 
nellement,  dans  leura  transmissions,  par  lea  perturbations  proprement  magnetlques. 

Le  problem#  eat  tr£s  different  pour  les  transmissions  e.m.  sous  la  surface  des  mere  :  comme  11  faut 
alora  s'adresser  a  des  frequences  extrtmeraent  basses,  qui  atteignent  celle*  des  variations  geomagnetiques 
dites  "rapidae"  (disons,  de  1/100  Hr  a  100  Hr),  la  penetration  dans  la  raer  de  tea  variations  naturelles 
dolt  ttre  prise  en  consideration.  Pour  fixer  les  ideas  sur  leur  importance, donnons  quelque*  ordres  de 
grandeur  des  amplitudes  qui  peuvent  ttre  alnsi  mite*  en  jeu  ;  cosine  notre  elargissement  du  sujet  a  partir 
des  frequences  radio  va  dans  le  sens  des  frequences  les  plus  nasses,  e'est  egalement  dans  ce  sens  que  nou* 
allons  proedder. 

Nous  partirons  des  frequences  de  resonance  d*  Schumann,  domain*  dejA  tralte.  02*  que  nous  arrlvon* 

A  de*  frequences  ne  depeseant  pa*  quelque*  Herts  nou*  ptsaons  des  phenootne#  d 'origin*  meteorologique  a 
ceux  plus  spfeif lquement  geomagnetiques.  La  frontitre  entre  ces  deux  domaines  eet  d'ailleurs  fluctuante, 
lea  phenomena*  magnetiquaa  montant  en  frequence  quand  a'elive  I'activlte  qui  les  concerne.  (A  noter  que 
nous  n'avons  pas  retenu  dans  notre  examen.de*  emissions  naturelles  dsns  la  gamme  "T.B.F."  •  de  quelque* 

centslnes  de  Hertz  a  20  ou  JO  Kilo-Hertz  -  dont  les  relations  avec  les  "situations  geomagnetiques"  sont 
certalnea,  naif  qui,  etant  donne  I'ordre  de  grandeur  de  leura  frequences,  ne  penetrant  v«»  d'une  faqon 
tant  solt  peu  appreciable  au-desaoua  de  1* interface  air-mer).  Nous  trouvons  alora  toute  la  gamne  dea 
pulsations  "regullferea"  (nomenclature  "pc"  -  "pulsation*  continues"-  allant  de  pc  1  autour  de  la  frequence 
de  1  Hz  ,  juaqu's  pc  5  attendant  juaqu's  dea  pdrlodes  de  600  a  )  et  celle  des  "IrreguliSres"  (nomencla¬ 
ture  "pi",  comprenant  lea  pi  1  -  de  1  a  40  a  -  et  lea  pi  2  -  de  40  a  ISO  s).  Lea  amplitudes  que  peuvent 
atteindre  ces  pulsations  s'dtagent  entre  quelque*  centimes  de  gamma  pour  les  pi  1  (d'ailleurs  peu  fre¬ 
quences).  jusqu'a  plusieurs  dizaines  d*  gsiunm  pour  lea  pc  5  et  lee  pi  2  ,  en  passant  par  quelques  gammas 
pour  les  plus  frequence*,  pc  3  et  pc  4  ,  dont  les  perlodcs  dominances  sont  alora,  reapectlvement,  de 
l'ordrb  is  25-30  et  45-55  eecondea ,  En  fonction  des  donnAes  precedences,  il  devlent  facile  -  par 
application  de  lu  theori*  classique  electromagnet ique  (equations  de  Maxwell)  -  de  calculer  les  niveaux 
auiceptiblea  u'ttr#  etteinte,  dane  telle  ou  telle  band*  d#  frequences,  A  de*  profondeur*  donnees,  per  le# 
variations  elcctromagnetlquea  issue*  de  variation*  geomagnetiques  naturelles  tellea  que  nous  les  avons 
•nviaagle*.  On  retiendra  comme  element  favorable  pour  cea  calculs,  le  fait  que  la  plupart  de  ce*  varia¬ 
tion*  nou#  parvltnnent  a  partir  d#  1*  trie  heutc  atmoaphSr#  (ionosphere,  magnetosphere)  dans  de  bonnes 
condition*  de  coherence  couvrant  de  veetee  etenduee  geogrephlquea  (organisation  en  ondes  planes);  blen 
que  ce  fait  alt  ete  aouvent  controverae  11  eat  vdrlfie  dans  la  grande  majorlte  des  cas  (19).  Par  contra, 
pour  ."f.voir  si  telle  ou  telle  menifcetatlon  (ou  "fatiseion")  ee  produit  effect iveroent  a  un  Instant  deter¬ 
mine,  11  conviendrait  d#  a 'adv-aaer  a  dea  sources  d' information  *p#ciali*fes  (e'est  un  dea  r&les  devolus 
aux  obaervatoire#  geomagnetiques). 

En  plus  de*  puleatlon*  ,  d'autre#  type*  de  variations  affeecenc  plus  ou  moin*  frequemment  le  champ 
magnetlque  terreatre.  Nou#  citeron*  notanment  le*  "bales  raegnetiquea"  (de  durtes  de  i'ordre  de  l'heure 
et  d'ampllcude*  pouvant  depaaacr  100  y  ...  ces  amplitudes  pouvant  ttre  beaucoup  plue  fortes  dene  les 
region*  de  heutee  latitudes)  et  lea  "orages  magnetlque*"  ,  notemment  le*  grande  orage*  mondiaux,  qui 
peuvent  e'Atendre  eur  plusieur#  jours  et  dCpaascr  1000  r  en  amplitude*.  Ausul  bien  ’'bale*"  qu'  "orage*" 
ont  des  compositions  spsctrales  sou vent  complexes  -  que  l'on  salt  determiner  a  partir  de  leurs  enregistre- 
ments  eur  band**  magnetlque*  faltt  dans  certain*  obaervatoire*  •  done  il  convtendr*  de  tenir  ccmpte  pour 
calculer  (toujour#  par  application  de*  lot*  de  I'electromagnetisme  classique)  leur  penetration  dan*  1*  mer. 

Certains*  variations  naturelles  encore  plus  lentes  (notaament  lee  variation*  dlurnes  "S^"  avec  leur 
ce*  partlculier  d*  l'  "electrojet  equatorial")  sont  susceptible*  d*  jouer  un  rfcle  Important  -  * 
blen  qu'on  ne  pulse*  gut  re  le*  conalddrer  comme  un  "bruit",  malt  etant  donne  leur  grand*  profondeur  de 
penetrctlon  dan#  la  mer  -  den#  I'electromagnetisme  marln  et  sea  application*  (notaament  en  c#  qui  concern* 
la  method*  de  eondage  "megneto-tellurique") .  Nou#  aliens  y  reve^ir  dan*  notre  CONCLUSION, 

Cea  dee  courante  electrljue*  marina  -  Hypothtae  de  SHULEIKIN.  Noua  avon*  instate  A  plusieur* 
reprises  sur  le  fait  que  les  calculi  d*  penetration  d#  bruit  e.m.  dans  Us  profondeur*  marine*  se  faisalent 
eulvant  les  lots  de  I'electromagnetisme  claeelque.  Cecl  n*  veut  pea  dire  que  tout  solt  prevlslble  -  nous 
I'evons  bien  vu  en  ce  qui  concern*  lea  sources  de  bruit  <aenant  dea  fond*  -  car  la  nle*  en  equation  de* 
phenomena*,  parfol*  trts  peu  connua,  qui  a*  prlsentent  A  notre  analyse,  eat  au  moins  autsl  important*  qua 
la  conduit*  dee  caleult,  Cet  aspect  dee  recherche*  sn  electromagnet lame  merin  eat  psrtlculitremant  valabl* 
en  c*  qui  concerne  1' influence  d<**  courante  <l*ctrlque*  en  mer,  tell*  qu'elle  *  ete  poetuie*  il  y  *  un* 
quinzein*  d'#nn«*t  per  V.V.  SHULEIKIN  et  eon  Ecol*  (5  loe.cit.)(2Q,21).le#  hypotWaea  de  SHUIEIKIN  ont  un# 
double  bees  expAr  mentals  :  d'une  part,  les  anomalies  de  la  distribution  de  la  dAcllnalson  magnetlque  A  Is 
surface  du  Slobs,  anomalies  qui  n*  paraiaaent  qu ' itsparf eitement  expliquAe*  per  des  causes  tot* lament  Interne# 
(intdrleures  A  la  partis  solid*  d*  la  Terre)  ,  ou  ionoeph<riqu*s  ;  d'autre  part.  1 'augmentation  trie  impor¬ 
tant*  dee  differences  de  potential  tellurique*  assure*!,  A  1* horizon tele,  A  I'occaaion  de  plueicure  campsgnes 
oceanographlque*  sovi4tiqnes  (esmpagnes  de  l'“0b"  dene  1 'Ocean  Indien,  du  "Sedov"  at  du  *Hlhh*lt  Lomonoeoeov" 
dan*  l'Atlantique)  quai.d  on  enfonce  les  eicctroder  A  des  profondeur*  qui  ont  ete  comprises  entre  250  et 
900  mAtre*.  STOLE  IKOV  a  deduit  de  cet  reauitats  de  mceures  tellurique*  qu*  d' important**  neppes  de 
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courants  dleetrlquea  devaient  clrculer  dang  la  plupart  des  dedans  avee  de#  density*  croissant  an  fonctlon 
de  la  profondeur  (tout  au  raolna  juaou'a  un  rnttlter  de  metres).  De  plus,  11  a  vu  dans  la  presence  da  cea 
courants  unc  possibility  d'expliquer  -  au  molns  en  partia  -  las  anonallas  da  la  distribution  de  la  dSeli- 
naison.  Das  cartas  nondlales  da  cas  courants  dleetrlquea  aous-tarlns  at  daa  anomalies  de  la  ddclinaison 
one  pu  alnsi  ttre  esqulasdes  at  prdaentent  une  certalna  harmonic.  Las  density*  de  courant  misas  an  jau 
tone  da  l'ordr*  de  3,6  ,  10 A/m?  vara  250  m  de  profondeur  et  de  6  .  10*"  A/n‘  vers  700  a  (ces 
valeurs  na  sont  donndea  icl  qu‘4  tltre  indicatlf  das  ordraa  de  grandeur,  car  11  s'agit  an  fait  de  donndes 
ddduites  des  expSriences  -  en  tenant  compte  dgaletaane  das  conductivity*  locale*  mesurdes  indirectement 
4  partir  da  la  teapdrature  at  de  la  salinity  das  couches  ocdanlques  correspondents*  -  et  alias  aont  fonctlon 
de  diverse*  donndes  gdographiques ,  Quant  aux  anomalies  dans  la  distribution  de  la  ddclinaison  ,  ce  sont 
celles  qul  -  a  partir  de.  mesures  en  surface  •  figurant  dans  las  recueils  da  donndes  magndtiques,  Cependant, 
un  autre  aspect,  nouveau,  da  la  question,  consiste  en  ca  qua  1'on  peut  prdvoir  que  la  ddclinalson  magnStique 
devralt  prdasnter,  au-dessous  da  la  surface  daa  mers,  une  variation  plus  ou  mo ins  systdmatlque  en  fonetion 
de  la  profondeur,  11  s'agirait  14  d'un  fait  qui  -  s'il  s’avyrait  exact  -  pourrait  jouer  un  rile  Important 
dans  les  opdrations  de  navigetion,  de  gdoddsle  at  da  topographie  sous-marlnes  (bien  qua  les  compas  gyros - 
copiquas  puissant  assurar,  an  prlncipe,  les  mimes  opdrations).  Las  collaborsteurs  de  SHULEIKIN  ont  fait, 
dgalaiaant,  das  efforts  expdrimentaux  pour  dclaicir  cette  question,  raais  aucun  rdsultat  ddfinitif  n'a  dtd 
publld  4  notre  connaissance. 

On  trouvera  dans  les  rdfdrences  (1)  (2)  (3)  (4)  et  (6),  let  mesurss  que  nous  avons  faites  au  moyen 
du  bathyscaphe  pour  assayar  de  rdsoudre  la  premidre  partia  (nappes  de  courants)  de  ce  probliroe.  Pour 
1* instant  nous  n'avont  re levy  aucune  discontinuity  nette,  systdmatlque,  des  diffdrences  de  potential 
telluriques  aeturdes,  an  fonctlon  de  la  profondeur.  II  esc  vrtl  que  de  grosaes  difficulty*  expdrtmentaleg, 
an  paaaa  d'ltre  rdaoluai,  nou*  ont  emptchdsde  tlrar  la  me  il leur  parti  das  mesures  faites  au  court  dec 
pramldraa  cantainaa  da  mitres  da  descente  an  plongda  (les  plus  intdresssntes  au  point  de  vue  contldSrd). 

II  ast  autsi  possible  qua  1'dtude  statlstique  -  non  encore  falte  a  1'heure  aetuelle  •  du  grand  nombre  de 
mesures  analogues  (anragistrdes  sous  une  forma  dlgitaliada)  faitat  au  cours  da  la  darntire  campagne  des 
Azores  (par  J.  JARBY)  nous  apporta  qualqua  prdclaion  4  ca  sujet. 


3,  CONCLUSIONS 


A-rlvda  4  ca  atade  da  notre  expoad  noua  devons  nous  damandar  soua  quelle  forme  il  paralt  possible 
da  rdpondre  aux  promesse*  contenuen  dan*  son  titre  et  de  donner  au  lecteu;  la  possibility  da  ddtarmlner 
las  nlveaux  caractdristiquea  at  las  sculls  de  bruit  (d’orlglne  naturella)  qu'il  pent  s'attendra  a  trouver 
au  sain  dus  mers,  d»s*  get  circonatancaa  donnde*,  Nou*  avon*  soulignd  ce  dernier  point  car  il  rdaulte, 
d'une  faqon  aster  dvidenta,  je  pence,  de  I'examen  de  toutes  les  conditions  de  bruit  qua  nous  avons  envisa- 
gdea,  qua  I'aisoclation  das  divarsas  cireonstanees  posaloles  peut  dcnnar  un  nombre  da  cas  tellement  dlevd, 
qu'il  nous  saralt  matdrlellement  impossible  da  donner  numdrlquement  las  sculls  da  bruit  correspondent  4 
chacun  d'aux,  Csci  tiant,  an  psrticulier,  4  ce  que  *  un  dehors  de  1'influenee  bian  ddfinie,  en  gdndrsl, 
de  la  profondeur  (mala  noua  avons  rancontrd  une  exception  si  l'on  tiant  compta  da  nappes  de  courant  1)  * 
la  plupart  daa  autre*  donndea  tone  sous  la  ddpendanee  da  diver*  dtats  *idstoir**(4  notre  dchatle)  de  la 
nature,  Nou*  avons  done  cherchd  avant  tout  4  permettre  4  c*  lactaur  d'effactuer  lul-mtme  son  bilsn 
numdriqu#  da  bruit.  Nous  allons  cependant  faire  4  ca  sujet  qualqua*  dernlires  ramarquas  qui,  nous 
i'espdrons,  Sclsireront  aleux  las  mdthodes  4  employer,  et  devraient  faclliter  I'iiterprStation  des  rdsultsts 
at  leur  utility. 

Tout  d'abord,  relativemant  4  la  notion  de  "bruit"  e lie -mime,  n'oublions  pas  qu'il  s'agit  d'un  bruit 
natural,  qua  la  manifestation  correspondents  n'cat  pas  forclment  d'un  caraecdre  aldatoire  malt  peut,  aussi, 
*tre  organiade ,  et  qu'ellc  n'cat  pas,  non  plus,  obllgatolremant,  une  choae  nuislble,  certaines  applications 
pouvant,  au  contraire,  lul  ttre  rattaclides -  D'ailleurs,  en  ce  qui  concarne  la  dytermination  des  aeuila, 
alia  peut  sc  faire  indypendanment  da  la  nature  nuislble,  ou  utile,  du  "bruit",  sauf  en  ca  qui  concerne  lea 
marges  d'erreur  ou  let  approximations,  qil  nc  scront  pas  dlscutdes  tout  A  fait  de  la  at  me  faqon  dans  las 
deux  cat. 

Par  contre,  il  sera  indispensable  dsns  la  prdparation  des  calculs,  de  bien  sdparer  les  donndee  phy¬ 
siques  -  en  gSnSral,  d’origine  expArimentair  ou  d'observation  -  relatives  aux  source*  (localisation,  exten¬ 
sion,  cohSrence,  composition  spectrale  de  I'dmission,  etc.  ),  de  celtee  relatives  aux  conditions  da  propa¬ 
gation,  Ca  aarant  ces  dernitres  que  l'on  pourra  confier  aux  mdthodes,  at  sux  rdsultsts,  da  l'dlectroma- 
gnytisma  "classlque".  Ceei  na  veut  pae  dir*  qua  ca  qui  concerne  les  sources  (auquel  il  faudrait  d'silleurs 
ajoutar,  ygalement,  ce  qui  concerne  les  modes  de  rdeeption)  11  faille  mettre  an  ddfaut  las  dquations  de 
Maxwell  ...  ,  11  tuff it  s Implement  de  remarquer  qu'elles  n'ont  rien  4  voir  svac  cette  partia  du  probldae. 
t1 example  le  plus  frappant  de  cette  distinction  qui  s'imposa  nous  ast  encore  donnd  par  1'hypothdse  de 
SKVUtfKlN  aur  las  nappes  de  courant  sous-marines  :  on  ne  peut  prendre  arguement  des  dquations  de  Maxwell 
pour  ddaontrer  que  cea  nappe*  de  courant  ne  devraient  pa*  exister  (en  particulier,  la  "akin— effect"  ne 
leur  act  an  aucun  cas  applicable),  mala  11  faudrait  pouvoir  ddmontrer  expdrimenesiemene  que  les  divarsas 
conditions  physiques  requises  •  et  assez  ccmpliquyes  -  pour  permettre  I'ytabllsaement  et  la  stability  de 
tels  courants  {rdpartitiens  particulars*  de  la  tempdrature  et  de  la  aallnitd,  done  des  conductivity*,  en 
fonctlon  de  le  profondeur),  sont  effectlvement  rdaliidai. 

Venons  en  msintenant  sux  effets,  bons  ou  mauvals,  des  bruits  auxquels  on  peut  s'attendre  dans  telle 
ou  telle  condition.  Ces  jugement*  de  quality  ddpendronc  non  teulement  det  but*  poursulvls,  mala  •  easen- 
tlallemant  -  (en  deho'.s  de  1'effet,  dvident,  dos  nlveaux)  de  la  double  dvolutlon,  spectrale  et  temporelle, 
de  ces  bruits,  Il  y  aura,  par  example,  le  cas,  des  bruits  dpisodiques  (a  fsible  probability  d'occurenee) 
tels  que  ceux  cause*  par  les  orages  magndtiques,  que  l'on  pourra,  en  gdndral, totaleaent  dviter  en  ddpit  de 
leur*  niveaux  dlevds.  Ce  sera  aussi  le  ess  des  pulsations  pc  1  (done  la  profondeur  de  pdndtration" 
est  de  i'ordre  de  250  m)  qul,  pour  un  instant  quetconque, ont  une  faible  probability  d'occurenee.  Ce  ne 
sere  pss  !•  ce*  des  pulsation*  pc  3  (un#  profondeur  de  pdnStration  de  I'ordre  de  1000  a  1500  m  , 
pour  des  pdriodes  centrdes  plus  ou  molns  sur  25  s  )  dont  les  probabilitds  d'occurenee  sont  -  de  jour  • 
supdrieures  4  1/2  .  Il  nou#  faudrait  Jonc  passer  en  revue  tous  les  autres  phynomfines  analogues,  et  en 
ddduire  -  en  fonctlon  de  1*  profondeur  -  les  probability*  d'*voir,sur  telle  ou  telle  frdquence,  un  niveau 
de  bruit  donnd.  Encore  faudra-t-il  tenir  compte  de  la  proximity  dventuelle  du  fond. 

Enfin,  penssnt  mair.tenent  aux  applications,  nou*  rsppelerons  I'exemple  des  sondages  magndto-tellu- 
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riques  ,  qul  seront  pratique*  avantsgeusement  a  partir  du  fond  s'll  s'aglt  de  determiner  let  structures 
gAologiques  tous-jacente* .  Get  sondaget  utilisant  unlquement  det  aignaux  naturela,  11  convtent  qu'li  en 
arrive  encore  a  un  niveau  sufflsant,  pour  let  bandea  spectrales  A  utlllter  (ellet-mlmet  f one t ion  dee  pro- 
fondeurt  tout-Jacentea  a  explorer).  Cela  limits  Avidennant  lee  possibilltAs,  et  d'autant  plus  que  le  fond 
a  partir  duquel  on  opire  aera  *ituA  a  une  plus  grande  profondeur.  Dans  le  cat  det  grands  fonds,  par  exem- 
ple  de  4000  m  ,  e'ett  une  onde  de  periods  d'environ  ISO  s  qui  arrlveralt  aur  le  fond  avec  une  attenu¬ 
ation  de  l'ordre  de  l/e  en  amplitude  (correspondent  a  la,  dite, "profondeur  de  penetration").  En  conse¬ 
quence,  le  tondage  ne  pourrdlt  Itre  fait  qu'a  partir  d'une  pAriode  dont  la  va.leur  ne  serali  pat  une 
fraction  trop  fa'ble  de  la  precedents.  C'eat  ainti  qu'une  onde  dix  foit  plus  courte  en  periods  (IS  s  ) 
n'arrlverait  tur  le  fond  qu'affaiblie  environ  25  fois  en  amplitude.  Cette  limitation  du  cote  det  courtea 
pdriodes  empSchera  de  sonder  efflcacement  let  premieres  couches  du  tout-sol  aout-marin  et  cecl  d'autant 
plus  qu'on  aura  a  operer  a  une  profondeur  plus  traportante.  La  solution  qul  consltterslt  •  pour  parer  a 
cet  inconvenient  •  a  operer  C.  partir  de  la  aurface  de  la  mer,  teralt  encore  moina  avantageuse  ;  on  dlapo- 
teralt  bien,  au  depart,  de  la  totalite  des  emiasiona  naturalise  presentee  -  cecl  dans  toute  leur  bandc  de 
frequences  -  malt  l'tbtorptlon  dtt  ondcs  se  produlrtit  quand  mime  et,  cette  foit,  autsi  bien  tur  la  trajet 
de  retour  que  tur  le  trejet  alter,  Noua  pouvont  conclure  k  propot  de  le  methodc  magneto-tellurique,  mime 
mite  en  oeuvre  a  partir  du  fond,  qu'elle  demande  l'amplol  de  detecteurs  extrlmement  aentiblea  ,  ceux  Jue- 
tement  qul  aeralent  contidere*  come  suaceptlblet  d'ltre  "perturbes"  par  le  "bruit"  ai  •  dans  ce  cat  -  ce 
bruit  n'etait  pat  jutteoent  la  signal  utilise.  Des  premiers  etsala  d'enrcglstrements  magn<to-teUuriquea, 
destines  a  determiner  lea  conditions  experiments le*  d'une  mite  en  pratique  ulterleure  de  tondages,  ont 
ete  felts  en  Medlterranee  a  partir  de  1*  "Archlmlde",  au  cour*  de  deux  plongAea  effectuees  a  dei  orofon- 
deura  de  2000  et  2500  m  ,  avec  la  participation  ef feet lve , pour  l'une  d'ellaa.de  Mme  V.A.  TRO.  fSKAYA 
de  l'Xnstltut  de  Physique  du  Globe  de  Koieou  (FAvrier  1966). 

C'ett  icl  ('occasion  d'assocler  8  cet  expose  dea  travaux  que  nous  avons  pu  fair*  et  aux  conclusions, 
modestes,  que  nous  svons  pu  tirer  dens  ce  secteur  de  recherche  difficile,  les  autres  membret  de  nocre 
Aqulpe  i  Mme  L,  LAUNAY  qui,  a  partir  de  la  station  et  de  la  rade  de  Viltefranche,  a  pu  procAder  k  un 
grand  nombre  de  verifications  et  de  ctllbraget  de  notre  apparelllage  -  autsi  bien  celul  de  nos  enreglt- 
t resents  que  celul  de  not  analytes  ;  le  Dr.  S.  W.  LXCHTMAN,  qui  dtait  k  I'dpoque  "Senior  Scientist"  a 
la  Hughes  Aircraft  Company  an  Californie  et  qui  a  permla  une  collaboration  active  Franco-AmArlcaln#  dans 
ce  dooalne  ;  le  Dr.  J.  DUFFUS,  de  Victoria,  British  Columbia,  Canada,  qul  a  pu  passer  une  grande  partie  de 
l'annde  1967  a  la  station  de  Vlllefranche  et  y  conduire,  en  collaboration  avec  Mm*  Launay,  toute  une  sdrie 
d'expdrlmentations  de  controls  dont  j'el  tenu  compte  dans  cet  expose,  alnsl  que  d'une  enqulte  approfondie 
sur  les  posslbllitds  offertet  par  les"Soucoupet  plongeantes"  pour  prolonger  vers  les  falhtes  (ou  moyennet) 
profondeurs  nos  experiences  et  nos  mesurea  poursutvies  avec  l'  "Archlmisde".  Enfln,  rappelons  que  J.  JARRY, 
maintenant  Chef  de  la  Section  Bathyscaphe  du  C.N.E.X.O.,  a  assure  personnel lement  toutes  les  mesures  det 
plongle*  det  campagnet  du  Japon  et  dea  Aqores. 
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Pig.  1  et  Pig.  i  bis  Enregistreaents  en  Baie  do  Villefi'anche-sur'-Mer  (profondeur  -  60  ns)  ot  a 
PObservatoire  do  Chambon-ia-Fordt  (station  auxiliaire  do  Garchy)  du 
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la  periods  29-31  Aout  1966,  le  30  Aout  a  11  h  12  m  T.U. 
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Fig. 2  Enregistremont  en  Baie  dc  Villefranchc-sur-iler  (profondeur  -  60  m),  d’une  serie  de 
ddcrocheaents  orusques  ("SI",  pour  "Sudden  Impulse”)  se  produisant  vers  la  fin  des 
orages  des  29-31  Aout,  le  31  Aout  vers  14  h  T.U.  -  Ccmposar.te  H.  cornne  dans  la 
Figure  3.  (Cliche  L.Launay) 
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Pig  3  Biregistreaent  de  la  coaposante  aagnetique  K  (dans  le  plan  du  aeridien  aagnetique), 
par  60  a  de  fond  dans  la  baie  de  Villefranche-sur-Mer  Le  30  Ao6t  1966.  entre  23  h 
et  23  h  20  n  T.U.  On  y  rensarque  les  pulsations  d’ environ  _6. 2  s  de  pe'riode, 
engendrees  par  one  faible  houlo  et  qui  sont  superposees  a  des  variations 
naturelles,  en  general  de  plus  grandes  amplitudes.  (Cliche  L.Launay) 
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DISCUSSION  ON  PAPERS  PRESENTED  IN  SESSION  II 


(YLF/ELF  electromagnetic  noise) 


Discussion  on  paper  12  -  A  :  "Highly  sensitive  antenna-coil  and  bail  antenna  for  ELF  atmospherics", 

"  '  by  H,  L,  KOENIG, 

Dr.  L.  BROC K-NANNEST  AD  ;  Have  you  considered  the  use  of  coils  with  a  high  permeability  core  ? 

Is  Barkhausen  noise  considered  a  more  serious  problem  than  the  vibrations  of  the  coil  ir.  the  static 
earthfield  ? 

Prof.  E,  SFL7ER  ;  Au  sujet  du  bruit  de  Barkhausen  notre  experience  des  sondes  h  noyaux  de  mumetal 
(1  k  2  m,  de  long  et  1  a  3  cm,  de  diametre)  nous  a  permts  de  verifier  que  ce  bruit  est  au-dessous  des 
seuils  genants  dans  te  cas  d'usage  d'"alliages  massifs"  au  lieu  de  "ills".  Ceci,  bien  enter.du,  n'est 
pas  contraire  a  certaines  qualitds  specifiques  cits  sondes  k  air  {sans  noyau  permeable). 

Dr.  H.  L  KOENIG  :  We  seriously  discussed  the  problem  of  using  a  coil  with  or  without  iron  with  our 
american  friends  of  the  University  cf  Rhcde-Island,  Certainly'  a  coil  with  a  mu-metal  core  has  the 
advantage  of  the  smaller  size.  The  increase  of  inductance  using  mu-metal  may  be  about  the  factor  25, 
Older  experiments  were  done  with  coils  which  have  an  iron  core.  Applying  the  scaling  law  described 
above  it  could  be  seen  that  a  2  meter  diameter  coil  is  necessary  for  the  signal  to  noise  ratio  and  sensi- 
tivy  wanted  for  the  recordings  (for  a  given  copper  weight).  The  use  of  mu-metal  has  the  following 
disadvantages  ;  although  for  a  given  sensitivity  the  ironless  coil  could  be  reduced  in  diameter  to  about 
40  cm  by  using  a  mu-metal  core,  there  are  construction  difficulties  in  doing  this  (a  core  of  40  cm 
diameter  and  a  length  of  1  m  or  2  m,  disregarding  the  costs).  Also,  modulation  by  strong  interference 
(existing  in  the  vicinity  of  the  german  field  station)  via  the  hysteresis  characteristics  of  the  mu-meta’. 
seemed  possible.  The  E-field  picked  up  by  the  core  itself  had  to  be  considered.  It  was  also  not  feasible 
to  determine  whether  th~  Barkhausen  efiect  would  produce  noise  in  the  order  of  small  signal  levels. 

The  shock  mount  system  would  be  expected  to  be  complicated.  But  the  final  decision  in  favor  of  an 
ironless  coil  involved  the  idea  of  the  two  completly  identically  equipped  field  stations  for  simultaneous 
elf-measurements.  The  use  of  ironless  coils  ensured  that  the  measurements  can  be  compared  without 
any  ambiguity  with  respect  to  absolute  values  of  signals  or  to  noise  due  to  pickup  by  mu-metall  core. 

Discussion  on  naner  13  ;  "A  comparison  of  ELF  atmospheric  noise  spectra  measured  above  and  in  the 
sea",  byE.F.  SODERBERG. 

Prof.  £,  SELZER  :  In  the  curve  of  the  trailing  dummy,  what  was  the  method  of  transmission  of  the 
ship's  vibration  to  the  measurement  channel  ?  Was  it  through  the  water  to  the  sensor  ? 

Dr,  E,F,  SODERBERG  :  The  noise  peaks  appearing  at  32  Hse  and  68  Hz  were  due  to  the  meciianicai 
coupling  of  ship's  \ibration  to  the  input  cables  via  the  cable  clamps  securing  the  cables  in  place  on 
the  ship.  The  noise  was  not  picked  up  via  the  water  path,  as  is  seen  by  comparing  the  relative  levels 
of  noise  on  the  trailing  dummy  charnel  with  the  ELF  noise  on  the  electrodes  channel. 

Dr,  J.R,  WAIT  :  I  believe  it  is  not  entirely'  justified  to  calculate  the  sub-surface  horizontal  E  field  from 
the  vertical  E  field  using  a  simple  exponential  depth  law.  The  latter  assumes  the  surface  field  is 
equivalent  to  a  grazing  plane  wave.  It  would  be  preferable  to  compaie  the  sub-surface  field  with  the 
horizontal  E  or  H  field  on  the  surface. 

Dr,  E,  F.  SODERBERG  :  I  agree  that  it  wan'd  have  been  valuable  to  have  had  a  horizontal  sensor  at  the 
surface,  but  such  equipment  was  r.ot  available,  I  expect  that  there  is  relatively  insignificant  error  ir, 
assuming  that,  because  of  the  absence  ox  local  electrical  activity,  the  ELF  sources  were  far  enough 
distant  to  be  nearly  plane  waves,  with  a  constant  wave  tilt,  due  to  the  conductivity  of  the  medium, 
over  the  ocean  in  the  area  of  consideration. 

Dr.  A.  E3SMANN  :  Quel  dtait  le  type  et  le  montage  des  ar.tennes  utilisees  ? 

Dr,  E.F.  SODERBERG  :  2  meters  whip-antenna  with  base  10  meters  above  the  water. 

Discussion  on  paper  14  :  "Characteristic  levels  of  natural  electromagnetic  noise  in  the  ELF  range, 
in  sea  water,  a  function  of  depth",  by  E.  SELZER.. 

Cap,  Freg.  F.  HALLEY  ;  Avez-veus  pu  utilizer  See  c*bles  sous-marins  pour  vos  observations  3 
Par  cxempls  cciles  de  differences  de  poter.tiei  creees  par  ies  mardeg  ou  d'autres  causes  ? 
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'  -of.  E.  SELZER  :  Non.  Le  professeur  DUFUS  (Canada)  a  k  sa  diapoeition  un  c5ble  transatlantique 
dfsaffect£  maia  je  ne  auia  paa  au  courant  de  sea  experiences.  II  a  fait  par  ailleurs  un  rapport  trfea 
complet  aur  lea  bruita  auasi  bien  artificiel*  que  naturela  dont  it  a'occupe. 

Dr.  L.  BROCK-NANNSTAD  :  At  the  Agard  meeting  in  1966  apectral  peaka  around  9  Hr  were  reported. 
At  that  time  no  explanation  waa  available.  Can  it  be  confirmed  that  theae  peaka  were  not  real  ? 

Prof.  E.  SELZER  :  Oui  k  l'dpoque  nous  avona  slgnald  un  renforcement  k  9  et  k  14  Hz  aurtout  h  14. 
Aujourd'hui  je  ne  auia  ni  davantage  ni  moina  certain  qu'il  s'agit  d'une  resonance  de  Schumann  provenant 
du  fond. 

Dr.  A.  ESSMANN  ;  On  connait  l'exiatence  dea  effeta  due  aux  marges  et  aux  couranta  d'eau  de  mer  aur 
le  champ  magndtique.  Avez-voua  pu  conatater  cea  effeta  k grande  profondeur  ? 

Prof.  E.  SELZER  :  Nous  avona  trouvl  beaucoup  de  chosea  maia  noua  n'avona  paa  eu  le  tempa  de  lea 
inclure  dar.s  ce  rapport.  Nous  avons  trouv£  au  fond  de  la  mer  un  efftt  dea  microa^iamea.  Quand  le 
bathyacaphe  eat  au  fond  de  la  mer  il  auit  trba  bien  lea  ondea  microsiamiques. 

Dr.  H.  L.  KOENIG  :  Since  calculating  the  Schumann-reaonancea,  Schumann  has  also  made  calculations 
of  radiation  from  the  sun  as  a  spherical  radiator.  The  result  shewed  a  fundamental  period  of  the 
radiation  to  be  about  20  seconds.  There  may  be  some  relation  between  the  signals  you  observed  and 
the  radiation  from  the  sun. 


Prof.  E.  SELZER  :  Peut-etre. 
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SOMMAIRE 

Le  phdnomine  de  rdtrodifiuaion  avec  r<»onanoe  de«  o.idea  radio  k  haute  frequence,  k  partiar 
de  la  aurface  de  la  mer  eat  maintenant  bit.i  connu.  II  rdaulte  de  la  diffuaion  cohdrei’te  qui  s;ei'f«-c*uc 
k  partir  d-un  compoaaut  spatial  de  la  aurface  delamer  dont  la  longueur  d'onde  er;'  la  moitid  de  la 
longueur  d'onde  radio,  et  qui  ae  propage  aelon  une  trajectoire  radiale  dirigfe  vera  le  radar,  ou  en 
provenance  de  celui-ci.  L'un  dea  traita  caractdristiquea  de  ce  aignal  rdtrodiL'uad  rdaide  dans  le 
fait  que  aon  ddplacement  par  effet  Doppler  a  une  valeur  trie  proche  de  celle  que  l’on  rtte.idrait 
de  aignaux  rdtrodiffuada  k  parxir  d'ondea  narinea  ayant  la  viteaae  de  phaae  thdoriqu?  dea  ondes  k 
longueur  rdaonnante. 

Un  examen  plua  approfondi  dea  apectrea  dea  aignaux  rdtrodiffuel*  rdviie  cependant  qu'il  exiate 
dee  diffdrencea  ayatdmatiquea  par  rapport  aux  valev.ra  thdorique*,  et  que  la  forme  dea  apectrea  n'est 
paa  conforme  k  la  aimple  thdorie, 

Cea  poi-.ie  aevont  illuetrde  i  l'tide  de  apectrea  ooaeryda  k  dea  frequences  variant  entre  1 , 7  ei 
12,  37  MHe,  et  lea  caueea  dea  diffdrencea  aeront  dtudiiea.  En  outre,  l'auteur  examiner*  lea  proves 
de  la  prdaent*  de  raiea  apectralea  d'un  ordre  aupdrieur  k  I'unitd,  et  le  comportement  d’&utrea  ondea 
de  gravitd  lindairos  de  aurface. 
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SUMMARY 

The  phenomenon  of  resonant  backscattering  of  HF  radio  waves  fr  am  the  surface  of  the  sea  is  now  well 
known.  It  occurs  because  c  herent  scattering  from  a  spatial  component  of  the  sea  surface  having  a 
wavelength  of  half  the  raoio  w.  «elength  and  travelling  radially  towards  or  awa\  from  the  radar.  A  char¬ 
acteristic  feature  of  the  backscattered  signal  is  that  its  Doppler  shift  is  very  nea.r  the  value  winch  would 
be  expected  for  signals  backscattered  from  sea  waveB  having  the  theoretical  phase  velocity  for  waves  of 
resonant  length.  Closer  examination  of  tS  ••-.  spectra  of  backecattered  signals  shows,  however,  xt  there 
are  systematic  differences  from  the  theoretical  values,  and  that  the  shapes  of  the  spectra  do  no,  conform 
to  simple  theory. 

These  points  will  be  Illustrated  using  spectra  observed  at  frequencies  between  1.  7  and  12.  37  MHz, 
and  explanations. for  the  differences  discussed.  In  addition,  evidence  for  spectral  lines  of  order  higher 
than  unity  and  other  nonlinear  surface  gravity  wave  behavior  will  be  discussed. 

1.  INTRODUCTION. 

In  the  last  throe  years  ttc  institute  for  Telecommunication  Sciences  has  made  sporadic  observations 
of  the  spectrum  of  FF  ground  wave  'ignals  coherent!,  backscattered  from  the  sea.  This  work  was  aore 
near  Eglin  Air  Force  Base,  Florida.  From  this  data  il  became  apparent  that  it  might  be  ur-ed  to  obtain 
considerable  Information  «.  .•'ceanogranhic  importance.  Verification  of  this  idea,  however,  required 
simultaneous  backscattering  jtta  ana  actual  data  on  the  power  spectrum  of  the  sea  surface  measured  in 
the  area  from  which  backscattering  was  observed. 

Recently,  the  oppo-tunity  to  take  data  during  the  Barbados  Oceanographic  and  Meteorological  Experi¬ 
ment  (BOMEX)  in  which  measurements  of  sea  state,  power  speevrum,  and  wind  were  being  made  became 
available.  The  purpose  of  this  paper  ic  to  report  on  some  of  the  preliminary  backscatter  results  obtained. 
Unfortunately,  correlation  of  the  backscatter  data  with  the  appropriate  oceanographic  data  must  await 
receipt  of  the  latter. 

2.  INSTRUMENTATION. 

The  instrumentation  used  at  Barbados,  West  Indies  consisted  of  a  modified  C3  ionosphere  sounder 
operating  with  broadband  vertical  monopole  antennas.  The  ionosonde  was  modified  to  be  coherent,  and 
provisions  for  changing  frequency  between  adjacent  pulses  were  made  by  replacing  the  VFO  with  a  syn¬ 
thesizer  which  could  be  rapidly  switched  in  sequence  through  eight  preset  frequencies  in  the  range  of  1.  ? 
to  12.  4  MHz.  The  transmitter  pulse  rate  was  60/sec  and  pulse  length  40  (isec.  The  peak  radiated  power 
of  the  transmitting  antenna  varied  from  about  20  watts  to  2  kW,  depending  on  frequency. 

Two  spaced  receiving  antennas  were  used  to  collect  data  concerning  the  azimuthal  angle  of  arrival 
of  the  backscattered  signals.  Because  of  this,  each  frequency  was  transmitted  on  two  successive  pulses; 
the  receiver  being  switched  from  one  antenna  to  the  other  between  pulses.  Data  from  one  ante,ma  (which 
is  all  that  will  be  discussed  here)  were  sampled  at  the  rate  "f  3-3/4  samples/s^c,  a  j,»quer>»/  very  much 
greater  than  the  maximum  Doppler  shift  expected  from  the  a. 

The  output  of  the  receiver  was  sampled  at  four  ranges,  22.  5,  45.  0,  67.  5,  90.  0  km,  ,-r.d  the  samples 
were  recorded  using  a  10-bit  digital  magnetic  taps  recorder.  Recordings  were  made  for  30  minutes, 
four  to  five  times  a  day  for  about  30  days  during  a  six -week  period,  on  the  eight  frequencies. 

The  recorded  data  were  then  returned  to  Boulder  where  the  individual  power  spectra  for  each  sample 
was  obtained  using  fast  Fourier  transform  procedures.  The  retulting  power  spectra  itave  a  resolution 
of  ~  0.  002  Hz  with  6  degrees  of  freedom. 

The  equipment  was  operated  on  the  east  coast  of  Barbados  within  100  yards  of  the  sea.  The  nominal 
field  of  view  of  the  sea  was  -  180  degrees  centered  on  an  east  direction, 

3.  SAMPLE  DATA. 

Figures  1  and  2  show  samples  of  the  resulting  data.  It  should  be  noted  that  the  receiving  system 
introduces  a  frequency  shift  of  +  0.  5  Hz  so  that  signals  having  negative  Doppler  shifte  can  be  separated. 
Thus  signals  having  zero  Doppler  shift  in  figures  1  and  2  appear  at  a  frequency  of  0,  5  Hz  and  frequencies 
below  0.  5  represent  negative  Doppler  shifts,  those  above  represent  positive  Doppler  shifts. 

Tnest  two  figures  illustrate  the  features  shown  by  the  data.  They  represent  simultaneous  recordings 
taken  at  a  range  of  45  km.  Figure  1  was  taken  at  a  frequency  of  2.  90  MHz.  It  shows  the  three  main 


spectral  peaks  o f  interest  at  frequencies  of  -  0,  32,  0,  68,  and  0,  75  Hz.  These  correspond  to  signals 
having  Doppler  shifts  of  -  0, 18,  +  0. 18,  and  +  0,  25  Hz.  As  shown  in  the  next  section,  the  negative  peak 
corresponds  to  resonant  scattering  from  sea  waves  which  are  travelling  radially  away  from  the  equip¬ 
ment.  The  very  narrow  peak  at-’-  '!  :8  Kz  is  the  coherent  scattered  component  travelling  radially  towards 
the  equipment.  It  ia  much  stronger  iban  the  negative  peak,  presumably  because  at  Barbados  .'he  ritmin&nt 
wind,  and  hence  dominant  directicns  of  wave  travel,  is  from  the  east.  The  third  peak  at  +  0.  25  Hz  =" 

*Jz  *  0, !  8  H:  will  be  discussed  later.  Note  that  the  dominant  peak  is  about  40  dB  above  the  noise  level. 

Figure  1  also  s-uws  a  minor  peak  ;  :  0.  i  Hz  corresponding  to  a  signal  having  zero  Doppler  shift. 

Since  at  a  range  of  4b  km  none  of  the  island  should  be  visible  to  tb“  radar,  and  since  this  signal  is  also 
seen  at  greater  ranges,  is  unlikely  to  be  a  result  of  scattering  from  the  islar.j.  On  .he  other  hand  it 
is  difficult  to  account  for  it  as  arising  from  the  set.  particularly  if  one  assumes  only  single  scettetlng, 
or  linear  processes  in  the  sea. 

Figure  2  shows  data  taken  at  a  frequency  of  8.  37  MHz  at  the  j’me  time  as  figure  1  was  obtained.  It. 
shows  characteristics  similai  to  those  of  figure  1  except  th  it  the  Downier  shifts  are  greater,  the  11..: 
widths  are  greater,  and  there  is  evidence  of  a  third  positive  peak  at  a  frequency  of 3  times  that  cf 
main  peak.  The  zero  frequency  component  in  this  case  is  about  3  times  as  strong,  relative  to  the  ni«.m 
positive  peak  as  it  was  at  2.  ?0  MHz. 

4.  RESULTS. 

4. 1  Magnitude  of  Doppler  Shifts 

It  was  originally  suggested  that  the  Doppler  shift  Af  of  sign? la  coherently  backscattsred  from  the  sea 
was  of  the  form 


Af  -  Vg’M  =  1. 02  x  lo'4  -Ji 


Hz 


(1) 


in  water  deep  compared  with  the  wavelength.  Here  g  is  the  acceleration  of  gravity,  X  is  the  radar  wave¬ 
length,  and  f  is  the  radar  frequency  in  Hz.  This,  result  has  been  approximately  confirmed2  by  many 
workers  o/er  a  wide  range  of  frequencies. 

In  the  present  situation,  Doppler  shifts  could  be  determined  with  considerable  precision  (~  0.001  Hz). 
Results  of  measurements  on  several  occasions  are  ah  ,wn  in  figure  T  in  which  the  solid  line  represents 
the  theoretical  value  of  Af  versus  f.  The  observed  values  of  Af  for  both  the  approaching  and  receding 
components  are  shov.-n.  It  is  very  clear  that  the  Doppler  shift  of  the  approaching  component  is  greater 
than  the  theoretical  value,  while  that  of  the  receding  component  is  less.  The  differtnees  from  the  theo¬ 
retical  value  increase  with  frequency. 

The  calls  »  of  these  differences  from  simple  theory  is  believed  to  be  due  to  four  factors: 

(1)  Nonlinear  interaction  between  the  waves  causing  the  coherent  backccatter  and  the  rest 
of  the  sea  spectrum, 

(2)  Changes  in  phase  velocities  depending  on  wave  amplitude  (Stokes1  effect), 

(3)  Drifts  induced  by  the  wind,  and 

(4)  Tidal  drifts. 

The  first  effect  is  a  result  of  the  change  in  the  phase  velocity  of  the  sea  waves  caused  by  the  non- 
linear  interaction  .  The  other  three  effects  are  a  result  of  the  waves  travelling  on  a  moving  sea  surface. 
However,  it  should  be  noted  that  figure  3  shows  that  the  discrepancy  in  Doppler  shift  is  less  at  90  km  than 
ui  22.  5  km,  an  effect  which  may  be  associated  with  the  varying  water  depths  at  the  two  ranges.  These 
depths  are  very  much  greater  than  the  lengths  of  wind-induced  sea  waves. 

In  the  case  of  the  data  labelled  7/15/69,  1400  LT,  the  discrepancies  between  the  observed  and  theo¬ 
retical  Doppler  shifts  could  be  accounted  for  if  it  is  assumed  that  the  surface  of  the  water  was  moving 
radially  with  a  velocity  of  approximately  0.  4  m /sec.  This  value  is  much  greater  than  would  be  expected 
from  (1)  above,  while  the  second  mechanism  would  produce  an  equivalent  velocity  which  depended  on  the 
wave  frequency. 


4.2  Spectral  L.:ne  Shapes 


it  can  be  readily  shown  that  the  signal  E  backscattered  from  a  plane  radio  wave  by  a  single  long- 
crested  sinusoidal  ^ravity-wavetrain  on  the  surface  of  th?  sea  travelling  in  the  direction  of  the  radio 
wave  (or  against  it)  I.<  of  the  form 


E  «[  (a+o)  t-  2kd+  8J 


sinus  4-  zk)D  J 
(6  + 2k) 


+  cos  [(w  -  o)  i  -  2kd  -  9] 


(S  '  2k) 


(2) 


where  .  '  ■>*  angular  radio  frequency,  k  is  the  radio  wave  number,  o  is  ths  angular  gravity  wave  fre¬ 

quency,  8  *o  it®  wave  number,  d  is  the  distance  between  the  radar  and  the  pa*ch  of  sea  under  coni’ deration, 
and  D  is  the  eudtal  length  of  the  wave  illuminated  by  the  incident  pulse.  Provided  that  1)  is  large,  the  fir-H 
icrm  is  negligible  v/i;en  3  and  k  are  both  positive,  i.e. ,  when  the  incident  radio  v/ave  a.id  the  gravity  wave 
are  travelling  ir.  the  same  direction.  Then  the  Doppler  shift  of  the  backsoattered  signal  is  negative  and 
equal  to  the  wave  frequency.  When  6  =  2k  the  backeeattered  signal  is  maximum,  a  result  consistent  with 
eq.  i.  When  the  two  waves  are  travelling  in  opposite  directions,  6  and  I-  have  opposite  signs,  and  then 
the  second  term  of  eq.  2  is  negligible,  ,'jiving  £  tignal  having  positive  DrppJ  »»•  shift. 

Equation  2  shows  that  as  the  frequency  '3  of  the  gravity  wave  is  ct’Snf.nd,  the  amplitude  of  the  back- 
scatiered  signal  varies  as 


tin  2  -  21:  D  ,  a  _  o3 

- - — — J~  >herc  8  = —  . 

8  -  2k  g 


Thus,  with  a  realistic  seu.  of  constant  spect-al  density  in  the  vicinity  of  8  =  2k,  ’he  spectrum  of  the 
returned  signal  near  the  resonant  peak  should  be  of  the  form 


Ea-s:ggi(i1iirlg 


(3) 


Reference  to  figures  1  and  2,  obtained  for  0  12  jwn  snows  that  the  sl'.cpe  of  the  peak  signal  ‘s  not  of  this 

form.  These  and  otne.v  similar  dasr  :  :d*cate  t>*at  a  Gaussian  spectral  pt-ui. iv  ic  ?■  n.uch  belter  approxima¬ 
tion  than  aq,  3. 

A  simple  explanation  cf  this  is  that  eq.  3  assumes  that  »t,--  i,-  r <are  of  the  sea  can  be  decomposed  into 
Fourier  components  which  propagr.t.*  •vilb.out  change  of  amplitude  or  phase  durin.  the  observation  time  (oi 
through  the  observing  region).  The  Gaussian  form  of  the  sp'-trum  suggest.-  >ha  instead,  each  Fourier 
component  only  persists  for  a  finite  time  (or  has  a  finite  length)  before  either  ti.e  amplitude  or  phase 
changes  significantly.  The  width  of  the  spectral  peak  is  much  greater  than  would  be  expti'-id  from  eq.  3. 
Thus  the  "coherence"  length  of  these  Fourier  components  is  much  less  than  the  illuminated  i-i:^th  D. 
Alternatively  the  "lifetime"  of  the  Fourier  components  is  much  less  than  the  time  required  for  them  to 
move  through  the  illuminated  area. 

Some  data  giving  observed  handwidtbs  of  the  main  spectral  peak  are  shown  in  figure  4.  The  bandwidth 
is  «  l  /"lifetime.  "  In  figure  4  the  bandwidth  is  define  1  as  being  the  bandwidth  at  a  level  10  -iB  below  the 
spectral  peak.  The  figure  shows  that  h?  Mndwidths  increase  markedly  w’th  radio  frequency  end  that  the 
rate  of  Increase  can  vary  markedly  from  one  day  to  another. 

4.  3  Nonlinear  Effects 

Attention  has  been  drawn  to  the  presence  of  minor  spectral  peaks  in  figures  1  and  2  at  angular  fre¬ 
quencies  ofv/2  0  and  a/3  o.  It  was  o~ig;-i  lily  suggested*,  before  eq.  2  was  developed,  that  this  was  a  reault 
of  backscattering  from  gravity  waves  ei  two  or  three  times  the  resonant  wavelength  given  by  8  =  2k.  In 
other  words,  it  was  due  to  scattering  front  waves  of  length  L  =  X,  3X/2,  etc.  However,  reference  to  eq.  2 
shows  that  su-'h  scattering  will  have  negligible  amplitude  when  kD  »  1. 

A  better  explanation  involves  the  fact  that  gravity  waves  of  finite  amplitude  (Stokes'  waves)  are  not 
sinusoidal  but  consist  of  a  fundamental  component  of  .Vngth  L,  together  with  higher  order  harmoniis. 

These  higher  order  harmonics  have  wavelengths  of  L1'.,  L/3,  etc.  and  travel  with  the  phase  velocity  of 
the  fundamental.  Thus,  it  tan  be  argued  that  the  frequency  components  at  a/2,  a/3,  etc.  of  the  resonant 
backscatter  frequency  arise  as  scattering  from  the  se  rond,  third,  etc.  harmonic  of  waves  having  lengths 
of  2L,  3L,  etc.  where  L  =  X  2. 

In  view  of  this  argument,  it  is  expected  that  with  sufficient  sensitivity,  frequence  peaks  of  higher  order 
than  3  should  a!*.c  he  observable.  The  upper  limit  to  their  detectability  would  depend  on  X  and  the  upper 
cutoff  wavelength  o:  the  gravity  waves. 

5.  CONCLUSIONS. 

The  data  presented  here  show  that  HF  ground  wave  signals  backscattered  from  the  tea  provide  valuable 
information  about  certain  features  of  sea  waves,  In  particular,  the  phase  velocity  of  waves  having  a  length 
determined  by  the  radar  wavelength  in  use,  the  relative  amplitude  of  Stokes’  "harmoni'.s"  and  the  "Me  - 
time"  or  "coherence  length"  of  the  wavetrains  can  be  determined  with  considerable  precision.  Furtlermore, 
the  relative  amplitudes  of  receding  and  approaching  wavrs  can  be  readily  obtained.  None  o‘  these  properties 
enn  be  easily  obtained  using  more  conventional  approaches. 
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Fig.  1  Spectral  density  at  2.  9  MHz 
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Fig.  2  Spectral  density  at  8.  37  MHz  taken  at  the  same  time  as  figure  I 
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Fig.  4  Obscrs-ed  oandwidths  of  Doppler  shifted  signals 
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SOMMAIRE 

L'auteur  present®  les  rieultata  de  mesure  d'intensit£  de  la  diffuoion  par  une  mer  ag't€e 
(sea  clutter)  •Les  amplitudes  dependent  de  divers  parametres  tils  que  la  portde,  la  force  du  vent  psr 
rancort  ct  cello  du  pinceau  eclxirsridu  radar,  la  hauteur  de  I'antenne,  etc...  Les  fonctions 
typiques  sont  compares  aux  considerations  thdoriques  appropri£es.  L'auteur  dtudiera  les  pro- 
blbmes  pords  par  une  extinction  par  interference  qui,  dans  des  conditions  connues,  peut  se 
produire  dans  le  cas  d'une  ciLle  ponctuelle  aussi  bien  que  dans  celui  de  cibles  ayant  une  certaine 
etendue  tant  en  profondeur  qu'en  largeur. 

Les  signaux  rdtrodiffus^s  par  la  mer  peuvent  etre  ddcrits  par  un  groupe  de  dipoles  sur  la 
surface  agitee  dela  mer.  L'auteur  presentera  des  rdsultats  rdeents  qui  rdvblent  un  comportement 
different  de  la  part  de  la  surface  marine  lorsqu'elle  est  illuminee  simultanement  A  l'aide  de  deux 
frequence  (entre  8,5  et  24  KMHz)  ou  de  deux  polarisations  differentes  (verticale  et  horizontale). 

II  donnera  egalement  les  resultats  de  mesures  effectuees  h  partir  de  bouees  sur  mer  calme, 
d'une  part,  et  sur  mer  agitee,  d'autre  part,  avec  illuminations  simultanees  A  double  frequence. 

Une  analyse  oceanographique  recente  du  spectre  de  frequence  des  vagues  conduit  ii  consi- 
derer  de  nouveau  l'emploi  d'antennes  A  revolution  rapide  qui  peuvent  presenter  des  avantages 
lorsqu'il  s'agit  de  localiser  dans  ur.e  mer  agitee,  des  cibles  de  petites  dimensions  comme  des 
bouees  ou  des  canots  de  sauvetage. 

On  peut  escompter  que  l'utilisation  d'ur.  instrument  de  mesure  special  pour  echos  radar, 
actuellemen.  en  cours  de  realisation  aux  Laboratoires  de  Haute  Frequence  de  1'universite 
Technique  de  Hanovre,  permettra  de  progresser  dans  ce  domains. 


Summary 


Reflections  from  the  rough  surface  of  the  sea  generate 
clutter,  this  means  a  conglomeration  of  unwanted  sig¬ 
nals  in  radar  receivers,  which  me.y  mask  the  signals  from 
small  targets. 

An  attempt  is  made  to  describe  and  explain  observed  phe¬ 
nomena  of  clutter  signals  by  abstract  models  and  theo¬ 
ries.  The  results  of  theories  are  compared  with  measure¬ 
ments.  A  summary  of  known  attempts  of  suppression  of 
clutter  signals  with  references  is  given  in  appendix  2. 
For  many  applications  the  improvement  of  the  signal-to- 
cluttar  ratio  is  not  yet  sufficient.  Two  special  measu¬ 
ring  instruments,  developped  at  Hannover  Technical  Uni¬ 
versity,  are  described  in  appendix  1.  Results  of  cur 
measurements  and  future  plans  of  investigations  are 
discussed. 
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The  Reflectivity  of  the  Sea  Surface  at  Radar  Frequencies 


W.H.  SchSnfeld 

Technical  University  Hannover 


Introduction 


The  reflectivity  of  the  3ea  is  of  special  interest  in  .radar  applications,  because  a 
sea,  which  is  not  calm  but  rough,  reflects  signals  back  to  the  radar  receiver.  Those 
reflections  (see  fig. 1)  give  rise  to  a  conglomeration  of  unwanted  radar  echos,  which 
we  call  clutter.  This  paper  will  deal  with  sea  clutter,  its  phenomenology,  its  strength, 
proposed  methods  of  improving  the  signal-to-clutter  ratio,  results  of  measurements, 
proposals  for  future  investigations  and  possible  means  of  new  improvements. 


Clutter  energy  versus  distance 

The  difference  between  a  normal  target  and  the  3ea  surface  is  that  the  normal  target 
always  has  the  same  radar  cross  section  whereas  the  illuminated  surface  of  the  sea  in¬ 
creases  with  distance.  That  has  been  the  reason  why  all  the  scattering  elements  on  the 
same  illuminated  surface  have  been  put  together  to  the  sum 

0) 

so  that  the  radar  cross  section  has  to  be  replaced  by  the  term  (1).  By  introducing  chat 
into  the  radar  formula  we  find  that  because  of  the  increasing  cross  section  with  dis¬ 
tance  the  received  power  is  not  inverse  to  R4  but  to  R3. 

pr  .  RGtGrxle^<=°  (2) 

(W)lR3 

This  fact  has  been  verified  by  calculations  of  several  authors,  specially  by  Katzin 
and  also  by  MUller  in  my  institute  and  has  been  verified  by  measurements  which  we  have 
made  with  our  analog  radar  reflection  measuring  instrument,  which  is  described  in 
appendix  1. 

Fig.  2  shows  as  results  of  our  measurements  the  received  power  in  dB  as  a  function  of 
distance  with  the  height  of  the  waves  as  parameter.  The  exponents  to  the  distance, 
written  above  the  different  curves,  are  a  bit  higher  than  3  up  to  distances  of  between 
two  and  four  kilometers.  After  this  the  strength  of  the  echos  drops  at  a  quite  higher 
rate  with  exponents  of  the  inverse  distance  of  7.9  to  10.3.  This  is  due  to  the  fact 
that  with  the  normal  antenna  heights  on  ships  and  the  height  of  the  waves  at  those  dis¬ 
tances  the  rays  become  so  flat  that  by  interference  and  two-path  propagation  the  ampli¬ 
tude  decreases  rather  quickly. 

The  factor  6°,  which  is  a  pure  figure,  can  be  calculated  out  of  those  measurements. 

Fig. 3  shows  measurements  of  Goldstein  and  measurements  of  my  institute  evaluated  from 
our  echo  measurements. 


Influence  of  two-path  propagation 

The  curves  of  radar  echos  versus  distance,  as  shown  in  fig. 2,  represent  only  the  enve¬ 
lope  of  the  maximum  values.  Fig. C  shows  such  an  envelope  as  a  dotted  line,  whereas  be¬ 
cause  of  the  two-path  propagation  the  true  values  oscillate  between  maxima  and  minima. 

We  have  calculated  a  few  maxima  and  minima  for  the  simplified  case  of  a  single  point- 
target  at  a  height  hso  above  sea-level.  The  results  are  plotted  versus  distance  in  fig. 4. 
The  first  minimum  lies  always  on  the  surface  of  the  sea.  The  target  has  been  drawn  in 
a  position,  where  we  would  observe  a  minimum,  in  this  case  the  second  one.  If  we  draw 
any  target  of  a  certain  height  at  a  chosen  distance  position,  then  we  can  read  in  the 
chart,  whether  we  will  receive  from  this  target  a  maximum  or  a  minimum  value  of  energy 
or  a  value  in  between.  A  similar  plot  in  fig. 5  shows  the  positions  of  maxima  and  minima 
for  an  extended  target,  wliich  consists  of  a  conglomeration  of  small  individual  scatte¬ 
ring  elements.  This  model  corresponds  in  some  way  to  the  rough  surface  of  the  sea. 


Bxper imp ntal  proof  of  the  two-path  propagation  theory 

The  question  is,  whether  this  description  of  sea  clutter  corresponds  to  what  really 
happens.  Fig, 7  shows  a  P-scope  of  sea  clutter.  The  radar  aerial  was  fixed,  whilst  the 
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deflection  coils  have  been  rotating  at  a  normal  speed.  We  exposed  the  photo  during  50 
revolutions  of  the  antenna  corresponding  to  a  time  of  120  seconds.  The  range  was  5 
nautical  miles,  the  wind  strength  7  Beaufort.  You  find  even  in  this  long  time  of  120 
seconds  clearly  dark  and  bright  zones,  that  means  maxima  and  minima,  an  effect  which, 
because  of  the  ever  changing  surface  of  the  sea,  only  can  be  explained  b”  the  two-path 
propagation.  Fig.8  shows  a  similar  photo  of  a  /’-scope  of  sea  clutter  w' tb  a  range  of 
1000  to  2000  m. 

We  have  tried  to  check  the  observed  four  maxima  at  the  four  different  distances  1210, 
1378,  1682  and  1756  m  ana  have  calculated  the  theoretical  positions  of  maxima  with  the 
simple  model  of  fig. 4  at  a  wind  strength  of  7  Beaufort.  All  the  maxima  are  correspon¬ 
ding  to  the  theory  with  slight  tolerances  in  the  height  of  the  waves  of  a  few  centi¬ 
meters. 

The  fact  is  a  bit  different  with  the  minima.  There  are  some  more  minima  than  can  be 
calculated  with  the  theory  with  one  height  of  waves.  Fig. 9  shows  the  spectrum  of  water 
waves.  It  can  be  seen,  that  there  is  a  sum  of  different  wavelengths  with  different 
heights  which  give  an  irregular  surface  with  lower  and  higher  waves.  The  maxima  are 
apparently  coming  from  the  highest  waves,  whereas  the  lower  parts  give  the  necessary 
reflecting  surface.  Some  of  the  lower  waves  also  produce  some  of  the  other  minima. 
Therefore  this  seems  to  be  a  satisfactory  explanation.  We  will  come  back  to  some  possi¬ 
bilities  to  make  use  of  those  facts  of  a  two-path  propagation  in  a  later  part  of  this 
paper. 


Doppler  frequency  shift 

Another  phenomenon  of  sea  clutter  is  that  there  is  a  Doppler  frequency  shift  because  of 
the  orbital  movement  o  n  the  surface  of  the  waves.  Fig. 10  shows  as  result  of  a  Russian 
publication,  which  is  cited  on  fig. 10,  the  Doppler  frequency  shift  of  the  sea  clutter 
as  a  function  of  the  radar  wavelength  with  the  wind  velocity  as  parameter.  We  have  not 
been  interested  so  much  in  making  use  of  the  Doppler  frequency  shift  because  we  have 
been  interested  mainly  in  the  recognition  of  small  targets  in  sea  clutter,  like  buoys, 
whose  fluctuations  in  the  sea  may  lead  to  a  Doppler  shift  of  the  same  order.  We  have 
no  experience,  whether  the  Doppler  effect  of  the  sea-movement  may  be  of  interest  in 
other  applications. 


Frequency  dependence  of  clutter 

The  question  which  we  want  to  discuss  now  is,  whether  the  effect  of  the  two-path  pro¬ 
pagation  is  the  only  effGct  which  we  have  to  take  account  of.  Maxima  of  reception  are 
to  be  found  at  different  distances.  Formula  (3)  shows  a  simplified  model  for  inter¬ 
ference  action: 


d  i  _  2  Ho  Ht 
X  '  R  X 

You  can  see  that  the  different  points  of  maxima  or  minima  are  dependent  on  the  height 
of  the  radar  antenna,  the  height  of  the  target,  the  distance  and  the  radio  wavelength. 
By  a  change  of  frequency,  that  means  of  the  wavelength,  we  can  shift  a  maximum  of 
a  sea  clutter  response  to  another  place  so  that  a  target  which  has  a  different  height, 
possibly  a  higher  height  than  the  sea  waves,  may  appear  again  on  the  screen  because  of 
the  diminuished  clutter  response.  But  the  change  of  frequency  which  is  necessary  is 
rather  high  and  not  very  practical  in  many  cases.  That  leads  us  to  the  question, 
whether  this  two-path  propagation  is  the  only  effect  responsible  for  building  up  maxi¬ 
ma  and  minima  of  clutter  signals.  Fig. 12  shows  an  oscillogram  of  the  same  sea  clutter 
simultaneously  received  with  two  different  frequencies  with  only  a  moderate  change  of 
frequencies.  You  see  that  the  clutter  response  is  not  equal  on  both  frequencies.  This 
effect  can  be  explained  by  using  a  model  which  is  shown  on  fig. 11. 

-dR  is  the  distance  which  is  illuminated  at  a  certain  moment  by  the  pulse  sent  out  by 
the  radar  station.  In  this  example  we  assume  12  statistically  distributed  small  surface 
elements  which  reflect  independently  of  each  other,  and  which  are  distributed  in  dis¬ 
tances  between  one  and  ten  wavelengths.  We  have  been  able  to  show  that  such  a  model  is 
dependent  of  frequency,  and  gives  maxima  and  minima  which  are  quite  the  same  as  those 
which  we  could  measure  with  our  measuring  instrument. 

Fig. 13  and  14  show  the  results  of  our  measurements.  The  back-coming  signals  of  the 
two  frequencies  transmitted  to  the  sea  have  been  said  to  be  equal,  if  their  difference 
in  amplitude  was  leas  than  10  dB.  They  have  been  said  not  to  be  the  same,  if  the  diffe¬ 
rence  was  higher  than  10  dB.  With  less  than  10  dB  difference  we  say  that  there  is  coin¬ 

cidence  in  both  channels.  The  probability  of  coincidence  is  shown  in  fig. 13  plotted 
versus  distance.  You  can  see  that  at  higher  distances  the  probability  of  having  the 

3ame  signal  in  both  channels  is  rather  low.  At  low  distances  the  overloading  of  the  re¬ 

ceiver  gives  no  proper  answer  to  the  problem. 

In  fig. 14  you  see  the  same  probability  of  coincidence  plotted  versus  the  difference  in 
frequency.  And  with  rather  small  frequency  differences  you  have  already  only  40  to 
50  probability  of  coincidence  between  the  two  frequencies.  That  gives  another  possi¬ 
bility  of  having  remedies  against  sea  clutter  by  making  use  of  a  frequency  diversity. 
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frequency  diversity 

In  fig. 15  you  can  see  an  A-acope  of  a  target  and  clutter  at  the  same  time.  We  have  shown 
different  scans,  one  above  the  other.  The  differences  between  a  target  and  the  big  peaks 
of  the  sea  clutter  are  not  really  visible.  On  the  other  hand  our  measurements  of  coin¬ 
cidence  with  different  frequencies  have  shown  some  aspects.  But  in  our  model  we  have 
different  target  elements,  which  reflect  independently  of  each  other.  The  sea  surface 
illuminated  by  the  radar  is  rather  large.  The  target,  which  we  want  to  detect,  may  be 
rather  small.  So  the  target  itself  may  be  part  of  the  elements  and  by  changing  the  fre¬ 
quency  to  such  a  degree  that  the  clutter  signal  disappears,  the  target  itself  may  dis¬ 
appear  at  the  same  time. 

Those  deliberations  have  led  to  a  new  series  of  experiments,  where  we  have  been  trying 
to  explore  the  behaviour  of  a  rough  sea  itself  in  comparison  to  a  target  in  the  rough 
sea  at  the  same  wind  conditions  and  the  same  distance  and  the  same  azimuth.  The  philo¬ 
sophic  of  our  measurements  has  been  the  following.  We  have  compared  all  signals  in  the 
two  channels  which  came  in  at  the  same  time  and  have  been  higher  than  a  certain  thres¬ 
hold. 

Pig. 16  shows  the  results  of  our  measurements.  We  have  counted  the  number  of  signals 
surmounting  a  given  threshold  under  different  conditions.  When  receiving  a  signal  from 
a  small  cell,  defined  by  distance  and  azimuth,  where  a  buoy  has  been  laid  out,  you  can¬ 
not  discriminate  between  target  response  and  false  alarm  in  the  presence  of  sea  clutter. 
But  if  you  compare  the  result  with  the  one  of  a  cell,  where  there  is  only  clutter,  then 
you  get  a  statistical  answer.  We  measure  for  instance  the  probability  of  signals  in 
one  frequency-channel  alone.  When  sending  out  two  frequencies  simultaneously,  we  mea¬ 
sure  both  the  probabilities  for  gptting  signals  in  at  least  one  channel  and  for  coin¬ 
cident  signals  in  both  channels. 

It  may  be  sufficient  to  compare  in  the  lefthand  diagram  of  fig. 16  only  the  curves  b2 
and  c2,  which  show  the  probability  to  get  equal  response  in  both  channels  with  a  target 
in  the  clutter  and  the  clutter  alone.  The  probability  of  coincidences  is  higher  with  a 
target  in  the  clutter  than  with  the  clutter  itself.  The  differences  in  those  curves 
decrease  with  rising  wind  strength.  On  the  righthand  side  you  see  the  improvement  fac¬ 
tor  which  can  be  reached  by  using  two  different  frequencies  at  the  same  time.  The  im¬ 
provement  shows  that  it  may  be  possible  to  recognize  a  target  in  the  clutter  by  using 
suitable  correlation  methods  with  a  two-frequency  radar.  As  we  have  only  evaluated  sig¬ 
nals  which  all  have  been  hardly  above  the  noise  level,  the  value  of  our  results  is  re¬ 
stricted.  The  necessary  observation  time,  to  get  the  necessary  confidence  level,  is 
still  too  high  for  practical  purposes.  But  we  hope  that,  by  changing  the  comparison 
level,  we  may  come  to  observation  times  which  are  reasonable  and  can  be  used  in  pratice. 


Measurements  of  targets  in  clutter 

We  may  state  finally  that  we  think  that  the  comparison  of  recordings  of  sea  clutter 
signals  to  signals  from  targets  in  sea  clutter  has  to  be  an  essential  part  of  future 
investigations.  We  will  use  for  this  purpose  in  our  future  program  a  new  digital  mea¬ 
suring  instrument,  which  is  described  in  appendix  i. 


Life  duration  of  clutter-signals 

Another  essential  point  in  finding  new  methods  of  improving  the  signal-to-noise  ratio 
in  the  presence  of  sea  clutter  is  the  question  of  the  life  duration  of  clutter  sig¬ 
nals.  Fig. 17  and  fig. 18  show  A-scope  photos  of  sea  clutter.  Several  scans  are  super¬ 
imposed  and  show  the  change  of  clutter  signals  with  time.  Some  of  them  have  a  life  du¬ 
ration  of  more  than  50  ms,  some  of  them  have  a  lower  life  duration. 


Discussion  of  measuring  results  from  appendix  1 

To  begin  with  analog  peak  values  fig. 21  shows  the  response  of  different  targets  in  com¬ 
parison  to  the  sea  clutter.  You  see  that  small  targets,  seen  scan  by  scan,  show  an  en¬ 
velope,  which  corresponds  to  the  antenna  diagram.  The  distribution  of  amplitudes  of 
the  3ea  clutter  itself  is  quite  different.  That  shows  other  feasibilities  of  improving 
the  signal-to-noise  ratio  by  correlating  values  scan  by  scan. 


Synopsis  of  results  and  proposals 

My  paper  until  this  state  has  given  a  certain  description  of  the  phenomenology  of  sea 
clutter,  has  given  some  results  of  our  recent  deliberations  and  measurements. 

In  appendix  2  of  this  paper  I  have  made  a  synopsis  of  all  the  methods  proposed  until 
now  for  improvement  of  the  signal-to-noise  ratio  in  sea  clutter.  You  see  that  the  prob¬ 
lem  seems  to  be  so  difficult  that  a  lot  of  intelligent  people  in  the  whole  world  have 
dealc  with  that  problem  without  having  results  which  are  fully  satisfactory.  We  believe 
that  in  the  next  generation  of  radar  sets,  which  will  work  with  automatic  evaluation 
of  signals,  connected  with  computers,  we  have  to  deal  with  the  clutter  problem  again. 
For  certain  purposes,  like  coastal  radar  stations,  we  may  be  able  to  have  a  next  gene¬ 
ration  of  radar  sets  which  are  much  more  complicated  and  sophisticated.  Because  of  the 
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higher  costs  they  may  not  he  suitble  as  ship-borne  equipment,  but  for  the  radar- 
chaines  of  fixed  radar  stations  planned  by  many  administrations  for  the  next  future, 
the  improvement  may  Justify  the  higher  costs. 

Appendix  2  shows  a  comparison  of  what  has  been  done  in  the  past  with  all  the  necessary 
references  and  some  critical  remarks.  Many  authors,  who  have  found  improvements,  only 
gave  a  qualitative  description.  Some  of  the  quantitative  evaluations  show  that  the  re¬ 
sults  are  rather  unsatisfactory,  because  values  in  the  order  of  6  dB  are  not  satisfac¬ 
tory  at  all,  as  the  './hole  dynamics  of  the  sea  clutter  is  at  about  90  dB  and  the  sea 
clutter  dynamics  inside  a  certain  distance-cell  is  about  30  dB. 

In  the  table  in  appendix  2  we  have  included  some  proposals  of  ours,  which  haven't  yet 
been  proved  to  be  valuable.  This  is  rather  a  program  than  a  report  of  results. 

We  think  that  some  diversity  programs  may  be  prospective.  One  possibility  is  the  an¬ 
tenna  diversity  with  two  antennas  at  different  heights.  The  second  one  is  the  frequen¬ 
cy  diversity.  Polarization  diversity  doesn't  show  the  same  aspects  following  our  ex¬ 
perience. 

That  ia  why  we  didn't  include  them  in  this  list  of  proposals.  Prom  all  the  results, 
reported  in  appendix  2,  a  report  of  Mr.  Harrison  is  most  interesting,  where  the  chirp 
radar  has  shown  real  good  aspects.  Unfortunately  Harrison  has  only  shown  results  of  one 
single  experiment. 

It  has  to  be  investigated,  whether  radar  sets  with  chirp  or  with  an  inner-pulse  modu¬ 
lation  system  perhaps  a  Barker  code,  could  impi Jve  the  signal-to-noise  ratio  in  the 
presence  of  sea  clutter. 


First  tests  of  a  digital  measuring  Instrument. 

We  have  built  meanwhile  a  new  instrument  with  digitalisation  of  radar  signals. 

Because  of  the  high  frequencies  involved,  we  only  can  digitalize  video  signals  after 
an  envelope  detection  with  a  sampling  frequency  of  10  MHz.  The  measurement  with  this  new 
instrument  has  been  described  in  appendix  1.  Pig. 23  shows  PCM -signals  after  demodulation 
by  a  computer.  Pig. 24  and  fig. 25  show  correlation  functions  computed  with  an  electronic 
computer.  We  see  the  main  advantage  of  this  new  instrument  in  the  fact  that  we  can  go 
to  the  field  during  a  period  where  we  have  the  necessary  high  clutter.  Later  we  can  eva¬ 
luate  the  signals,  which  are  recorded  on  a  magnetic  tape,  on  a  computer  several  times 
with  different  simulated  evaluation  methods  instead  of  going  out  to  the  'ield  again  and 
again  with  different  evaluation  methods  as  hard-ware. 

I  am  at  the  end  of  my  report,  and  I  believe  that  because  of  the  difficulty  of  the  prob¬ 
lem  we  could  not  yet  show  aspects  of  final  results.  But  we  have  shown  methoaj  with 
which  we  want  to  go  into  the  field.  And  we  hope,  at  least,  we  will  get  some  results 
which  will  lead  to  improvement  in  the  future. 
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Description  of  an  analog  instrument  measuring  and  recording  the  echopower 
received  at  a  radar  from  intentionally  chosen  targets. 

Reference :  Jahrbuch  der  Technischen  Hoohschule  Hannover  1960/1962 
W.H.  Schonfeld  und  H.  Kaune 

"Entwicklung  elnes  GorStes  zur  objektiven  Messung  und  Registrierung 
der  Reflexionseigenschaften  von  Radarzielen". 


The  instrument  has  been  developed  at  about  1958  for  the  Federal  Ministry  of  Traffic 
in  Bonn.  It  can  be  connected  to  any  radar  set,  which  can  continue  its  normal  operation 
during  measurements.  Exchangeable  module  (e.g.  IF- Amplifiers)  are  available  t.o  adapt 
the  instrument  to  the  special  radar  set.  A  trigger-synchronized  pulse  program  is  used 
to  mark  the  chosen  target  on  the  PPI-screen  (see  fig. 20  above).  The  "window"  can  be 
moved  by  means  of  a  simple  manual  control  in  case  of  relative  movement,  between  target 
and  radar  station,  to  hold  the  chosen  target  inside  the  "window".  The  pulses  forming 
the  "window"  are  in  addition  used  as  gate  pulses.  Via  the  gates  only  those  signals  can 
pass  to  the  evaluation  part  of  the  instrument,  which  are  received  from  the  chosen  tar¬ 
get.  Fig. 19  shows  a  block  diagram  of  the  evaluation  part. 

The  IF-signal  is  rectified.  The  peak-value  of  the  target  response  on  each  radius  is 
lengthened  by  means  of  delay  lines  without  change  of  its  amplitude.  Thereafter  the 
pulse-amplitude  modulation  is  transformed  into  a  pulse-duration  modulation  at  logarith¬ 
mic  scale.  An  oscilloscope  is  available  to  check  the  function  of  the  equipment.  Fig. 20 
shows  in  the  middle  three  different  kinds  of  display  of  the  signals.  A  zero-pulse  of  a 
duration  of  60 /usee  is  added  to  the  PDM-pulses,  to  guarantee  a  constant  number  of  36 
pulses  inside  the  window  independent  whether  the  targe,  reflects  energy  at  all  radii 
or  not.  If  there  is  a  response  from  the  target  the  zero-pulse  is  suppressed  again. 

The  longest  pulse,  representing  the  highest  amplitude  (40  dB  above  zero)  has  to  be  a 
bit  shorter  than  the  inverse  of  the  pulse  repetition  frequency,  e.g.  900/usec,  if  the 
prf  is  1  kHz.  The  36  pulses  are  recorded  thereafter  on  a  magnetic  drum.  By  means  of  a 
preset  electronic  counter  one  pulse  after  the  other  is  picked  up  from  the  drum,  one  for 
each  revolution  of  the  drum.  By  this  means  the  frequency  is  divided  by  36.  The  pulses 
then  have  a  frequency  of  roughly  28  Hz,  which  means  that  they  can  be  recorded  with  an 
ordinary  pen  recorder.  At  the  bottom  of  fig. 20  and  fig. 21  you  see  typical  recordings 
of  different  targets. 

Description  of  a  digital  instrument  measuring  and  recording  the  echopov/er 


received  at  a  radar  from  intentionally  chosen  target  areas. 


Reference:  Doctor-Thesis  of  K.A.  Lothar  Krisch, 

Institut  fiir  Hochfrequenztechnik,  Technische  OniversitSt  Hannover, 
to  be  published  in  autumn  1970. 


Clutter  research  needs  3uch  a  high  amount  of  measured  values,  that  they  can  only  be  eva¬ 
luated  by  a  computer.  We  decided  therefore  to  develop  a  digital  measuring  instrument. 
Integrated  circuits  and  other  modern  components  made  it  possible  to  use  a  PCM-code 
with  8  bits  and  a  sampling  frequency  of  10  MHz.  As  we  have  the  intention  to  investigate, 
whether  diversity  methods  will  lead  to  improvement  of  the  signal-to-noise  ratio  in  the 
presence  of  sea  clutter,  we  have  built  two  equal  channels.  We  think  of  antenna-diver¬ 
sity  (two  antennas  at  different  heights)  and  frequency-diversity.  The  channels  can, 
in  addition,  work  together  with  interlaced  sampling  pulses  resulting  in  a  sampling- 
frequency  of  20  MHz.  Similar  to  the  analog  instrument  a  certain  measuring  area  can 
be  chosen  and  be  indicated  on  the  PPI-display  simultaneously.  The  area  can  be  rather 
large  in  the  radial  direction.  The  limitation  of  the  area  makes  it  possible  to  use  the 
dead  time  for  a  frequency-band-compression  by  means  of  storage  devices  (see  fig. 22). 

The  tape  recorder  is  a  normal  audio-recorder. 

The  main  advantage  of  this  kind  of  recording  is: 

1. )  The  recorded  data  can  directly  be  handled  by  a  computer  to  evaluate  all  wanted 

statistical  data. 

2. )  The  computer  can  be  used  as  a  digital -to-analog  converter,  to  make  the  entire 

video-signal  visible  by  means  of  an  x-y-rocorder  (see  fig. 23). 

3.  )  The  computer  can  be  used  as  a  simulator  for  different  evaluation  methods.  The  same 

set  of  data  can  be  processed  at  home  in  different  ways,  without  the  necessity  of 
repeated  measurements  under  different  conditions  in  the  field.  Fig. 24  and  fig. 25 
show  autocorrelation-functions  calculated  by  a  computer  and  plotted  with  an  x-y- 
recorder. 

4. )  With  a  decoder  an  analog  signa i  can  be  used  for  further  experiments. 

Sea  clutter  measurements  with  thr  new  instrument  are  planned  during  the  storm-period 
in  autumn  1970. 
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Proposal 


Reference 


Results 


Sensitivity-Time- 
Control  (STC) 
and  logarithmic 
IP-amplifiers 


Merill  I.  Skolnik 

Introduction  to  Radar 
Systems 

McGraw-Hill  1962 


Difficult  to  adjust,  when 
target  signal  is  only  slightly 
stronger  than  clutter. 
Compromise  because  clutter 
varies  with  direction  of  obser¬ 
vation. 


2  Integration 

2a  Post  detection 
integration 

2b  Digital  inte¬ 
gration 


2c  Integration  by  a 
special  two-layer 
luminiscent  screen 


2d  Integration  by  the 
storage  capacity 
of  a  vidicon 

2e  Integration  on 
foto-film 
(Potoplott  of 
Kelvin  Hughes) 


See  reference  1 

1 .  Mellberg 

Video-Korrelator. 

ENT  Vol.39,  No. 4, 1964 

2.  Hobbard 

Digital  Automatic  Radar 
Data  Extraction. 

J. Brit. IRE  Nov.  1963 

3.  Child 

Digital  Data  Processing 
Considerations  in  Radar. 
The  Radio  and  Electro¬ 
nic  Eng.  Jan.  1964 

Harrison 

Methods  of  Distinguishing 
Sea  Targets  from  Clutter  on 
a  Civil  Marine  Radar. 

The  Radio  and  Electronic 
Eng.  April  1964 

Harrison 

see  reference  2c 

H.G.  MBller  1964 
not  published 


Integration  of  n  =  10  hits 
leads  to  an  improvement  of  6  dB. 

Less  efficient  than  the  analog 
integration  method. 


No  quantitative  Information  of 
factor  of  improvement. 


Dnsufficient  dynamical  proper¬ 
ties  of  vidicons.  Unsufficient 
integration  with  moving  targets. 

Similar  difficulties  than  2d, 
additional  delay  because  of 
processing  time  of  film. 


BorJng,  Flynt,  Long,  Wider- 
quist 

Sea  Return  Study,  Pinal 
Report,  Department  of  the 
Bureau  of  hips. 

Georgia  Institute  of  Tech¬ 
nology,  August  1957 


Improvement 

6  dB  with  horizontal  polari¬ 
sation 

16  dB  with  vertical  polari¬ 
sation. 

Lower  factors  if  the  target 
itself  is  fluctuating. 

Value  of  this  investigation  is 
more  to  the  side  of  phenomeno¬ 
logy 


Past  motion  effect.  Croat 

(Six  storage  vidi-  A  Mot 
cons  energized  by  play 
a  mechanical  scan-  . 
ning  system) 


A  Motion-Enhancement  Dis¬ 
play  by  Time  Compression. 

US  Army  Signal  Research 
and  Development  Laboratory 
Port  Monmouth  NJ 


No  quantitative  evaluation. 
Expensive  Equipment. 
Mechanical  Scanning. 


5a  Doppler  radar 


Rosenberg,  Ostrovsky,  Kalmykow 

Fraquenzvei'schiebung  von  Radar- 
well  en,  die  von  der  rauhen 
Meeresoberfldche  zurUckge- 
s treat  werden. 

Radiophysika,  Vol,9,  No. 2, 

1966 

5b  Chirp  radar  1.  Harrison 

see  reference  2c 

2.  Sclater 

New  "Shirping"  Schemes 
sharpen  Radar  Returns. 
Electronic  Design,  Yol.15, 
No. 19,  Sept. 1967 

5c  Pulse  coded  radar  Proposal  of  W.H.  Schbnfeld 


Doppler  shift  too  small  in 
comparison  to  the  Doppler 
shift  of  small  fluctuating 
targets,  e.g.  buoys  in  the 


Harrison  reports  that  a 
chirp  radar  improves  the 
signal-to-noise  ratio  by 
13  dB  <n  a  snow  storm. 

Sclater  mentions  a  sub- 
marine-periacop  found  in 
sea  clutter. 


Not  yet  tested. 


Antenna  speed 


6a  Slow  antenna 


No  known  reference 


6b  High  speed  antenna 
•'20  to  1400  rpm) 


Croney 

Improved  Radar  Visibility  of 
small  Targets  in  Sea  Clutter. 

The  Radio  and  Electronic  Eng. 
Sept.  1966 


Integration  time  correspon¬ 
ding  to  life  duration  of 
clutter  signals. 

Disadvantage : 

If  antenna  rotation  frequen¬ 
cy  is  equal  or  a  full  par4- 
of  the  frequency  of  the  sea 
wave  a  small  target  may  dis¬ 
appear  always  in  a  wave 
trough. 

Improvement  by  6  dB. 

The  disadvantage  of  6a  is 
avoided. 


Diversity  systems 


Jumping-frequency 

radar 


Frequency  diver¬ 
sity  with  two 
simultaneous  fre¬ 
quencies 


7c  Polarisation 
diversity 

7d  Antenna  diversity 
7e  Two  divergent  beams 


Gus+afson 

System  properties  of  Jumping- 
frequency  radars. 

Philips  Telecommunication 
Review,  Vol.25,  No.1,  Juli  1964 

W.H.  Schbnfeld,  V.  MUller, 

E.D.  Schwarz 

Report  on  the  state  of  arts 
in  sea  clutter  reduction, 

Ortung  und  Navigation, 

Vol.II,  1968 

W.H.  Schbnfeld,  Y.  MUller 

Detection  of  active  Radar  Tar¬ 
gets  in  the  Presence  of  Sea- 
Return  Echos. 

7-2-5  Vllth  Int.  Conf.  on 
Lighthouses,  Rome,  1965 

See  references  3  and  7b 
correlation  methods 

See  7b 
See  7b 


No  quantitative  evaluation. 


Details  see  this  paper. 


Experience  of  author  of  this 
paper:  less  efficient  than 
frequency  diversity. 

Results  not  yet  available. 

Correlation  and  other  methods 
of  comparison  are  possible. 

No  results  yet.  High  costs. 
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SOMMAIRE 

Pour  etudier  l'interaction  dei  ondes  radio  k  haute*  frequences  avec  la  mer,  l'auteur 
analyse  le*  perturbation*  aux  limite*.  II  volt  l'iniluence  de  l'agitation  de  la  mer  rur  la  propa¬ 
gation  de*  onde*  terrectre*  k  traver*  Pocdan  corame  une  augmentation  de  l'impldance  effective 
k  la  surface.  A  l'aide  du  spectre  dea  ondes  de  vent  de  Phillips,  il  precede  k  des  estimations 
quantitative*  de  la  deperdition  supplemental  e  due  k  l'^tat  de  la  mer.  II  montre  que  la  diffusion 
k  partir  de  la  mer  6Jt  due  k  l'effet  Bragg.  II  extract  par  derivation,  puis  examine,  l'intensitd 
et  le  spectre  du  signal  diffuse.  II  analyse  enfin  pl.  »ieurs  configurations  bietatiques  de  radar 
utiliseea  pour  la  mesure  des  spectres  des  ondes  oceaniques.  Ces  configurations  impliquent 
diverse*  conbinaison*  de  bateaux,  de  bouees,  d'avions,  de  satellites  et  de  stations  cOtikres. 

II  examine  sous  une  forme  asses  detaillde  les  possibilite*  de  realisation  de  deux  systkmes 
de  ce  genre,  et  conclut  que  le  materiel  dont  on  dispose  semble  en  permettre  le  developpement. 
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SUMMARY 


The  Interaction  of  HF  and  VKF  radio  waves  with  the  sea  is  examined  using  a  boundary  perturbation 
analysis.  The  effect  of  ocean  roughness  on  ground-wavo  propagation  across  the  ocean  is  seen  as  an  in¬ 
crease  in  the  effective  surface  impedance.  Quantitative  estimates  are  made  of  the  added  loss  due  to  sea 
state  using  the  Phillips  wind-wave  spectrtm.  Scatter  from  tha  sea  is  shewn  to  arise  from  the  Bragg  effect. 
Both  the  scattered  signal  intensity  and  spectrum  are  derived  and  examined.  Finally,  several  bistatic 
radar  configurations  for  measuring  ocean-wave  spectra  are  analyzed.  These  involve  various  combinations 
of  ships,  buoys,  aircraft,  satellites,  and  shore  stations.  The  feasibility  of  two  such  systems  It  exam¬ 
ined  in  some  detail,  and  their  implementation  appears  possible  with  present-day  hardware. 


1.  INTRODUCTION. 

Winds  blowing  at  speeds  greater  than  10  knots  over  the  ocean  excite  the  longer  and  higher  ocean 
waves.  For  example,  a  10-knot  wind  can  create  waves  about  20  meters  in  length,  while  a  30-hnot  wind  will 
arouse  waves  about  200  meters  long.  Since  wind  speeds  between  these  limits  are  highly  indicative  of  the 
meteorological  conditions  over  the  ocean,  the  remote  sensing  of  the  characteristics  of  ocean  waves  with 
these  lengths  will  provide  valuable  data  concerning  the  weather  over  the  sea. 


Elementary  physical  principles  indicate  that  electromagnetic  waves  whose  wavelengths  are  compa¬ 
rable  to  the  longer  ocean  wavelengths  should  Interact  significantly  with  these  water  waves.  Such  electro¬ 
magnetic  waves  lie  in  the  HF  and  VHF  regions  of  the  spectrum.  These  suspicions  were  confirmed  and  the 
interaction  mechanism  was  discovered  experimentally  by  Crombie  in  19i»St  .  He  observed  that  near-grazing 
backscatter  at  13.56  MHz  is  Doppler-shifted  by  a  discrete  increment  above  and  below  the  carrier.  The 
velocities  required  to  produce  these  3hlfts  are  possessed  only  by  ocean  waves  whose  lengths  are  precisely 
one-half  the  electromagnetic  wavelength  and  whose  crestlines  lie  perpendicular  to  the  transmission  path. 
Hence,  the  mechanism  was  seen  to  be  Bragg  scatter  from  ocean-wave  trains  moving  toward  and  away  from  the 
radar  in  much  the  same  manner  as  a  set  of  translating  diffraction  gratings.  In  an  accompanying  paper, 
Crombie  presents  recent  experimental  observations  of  this  phenomenon  and  Interprets  the  two  spectral 
shifts  in  terms  of  advancing  and  receding  water  wave8  at  a  number  of  KF  frequencies. 


Quantitative  theoretical  estimates  of  the  interaction,  however,  lagged  the  measurements  by 
many  years.  Now,  however,  applying  the  classical  boundary  perturbation  approach  of  Ricel2!  to  a  random 
surface,  we  are  able  to  predict  the  magnitude  of  scatter  and  propagation  across  the  sea  at  HF  and  VHF. 

Both  high-angle  reflection  and  scatter  as  well  as  near-grazing  propagation  (i.e,,  ground-wave  propagation) 
and  scatter  can  and  will  be  analyzed  in  this  manner  here.  The  sea  surface  at  HF/VHF  is  very  amenable  to 
analysis  by  this  technique  because  it  satisfies  all  of  the  necessary  assumptions  Inherent  in  the  derivation: 
(i)  its  height,  C.  above  a  mean  plane  Is  small  in  terms  of  the  wavelength;  (il)  its  slopes  (i.e.,  Q*  - 
d£/dx  and  £  ■  dC/dy)  are  small  for  these  longer  ocean  waves;  and  (iii)  the  ocean-water  medium  is  highly 

conducting, ^and  hence  an  impedance  boundary  condition  can  be  employed. 


In  the  next  section,  we  show  that  the  ocean  roughness  can  affect  a  vertically  polarized  ground 
wave  propagating  above  it.  Such  an  effect  should  be  expected,  since  corrugations  have  long  been  used  to 
guide  waves  along  the  conducting  surface  of  antennas,  wires,  and  other  structures.  It  is  shewn  that  the 
random  roughness  changes  the  effective  surface  Impedance;  this  corrected  Impedance  can  then  be  used  in 
any  of  the  ground-wave  treatments  to  estimate  the  field  strength  attenuation  with  distance.  We  present 
such  curves  based  on  the  Phillips  isotropic  wind-wave  spectrum. 


The  subsequent  section  deals  with  scattering  of  HF/VHF  waves  by  the  longer  ocean  waves.  Both 
near-grazing  (ground-wave)  Incidence  and  che  higher  incidence  angle  regions  are  considered.  An  expression 
for  <r  ,  the  scattering  cress  section  per  unit  surface  area  is  derived  for  the  Phillips  ocean  wave-height 
model.  We  also  obtain  an  expression  for  the  scattered  signal  spectrum,  to  the  first  order,  and  show 
the  discrete,  Doppler-shifted  frequencies  measured  by  Crombie  and  others  sre  predicted.  The  expreaslons 
are  general  and  can  be  applied  to  backscatter  as  well  as  bistatlc  radio  geometries. 


In  the  final  section,  ue  diecuss  possible  methods  of  sensing  the  ocean  wave-height  spectrum  by 
measuring  che  electromagnetic  scattered  signal  and  its  Doppler  spectrum.  Several  have  already  suggested 
the  use  of  HP  lonospherlcally  propagated  sea  scatter  as  a  method  of  ocean-wave  senslngl-3).  We  suggest 
nonionospheric  techniques  here  in.olvlng  combinations  of  ships,  buoys,  aircraft,  and  shore  stations  in 
blscoclc  modes  to  measure  the  ocean-wave  spectrum.  The  signal  processing  techniques  currently 
available  permit  the  resolution  necessary  to  sort  out  the  presence  and  strengths  of  ocean  waves  of 
various  lengths  and  directions;  hence,  such  techniques  can  offer  a  valuable  input  to  real-time  global 
oceanography /meteorology. 


2.  GROUND-WAVE  PROPAGATION  ACROSS  THE  SEA. 

2.1  Derivation  of  Effective  Surface  impedance  of  a  Slightly  Rough  Surface. 

Much  attention  has  been  given  to  radiation  from  a  dipole  above  a  smooth,  finitely  conducting 
medium,  Sonmerfe ld> first  solved  the  problem  for  a  planar  interface;  Norton!^)  later  interpreted  his 
results  and  reduced  them  to  a  convenient  graphical  form  for  engineering  calculations.  Others,  Including 


van  der  Pol  and  Bremmeri®)  and  Fock!?),  obtained  asymptotic  solutions  to  the  problem  of  radiation  above  a 
smooth  spherical  earth,  and  Norton  generated  carves  to  facilitate  the  use  of  these  results!®).  A  thorough 
review  of  the  subject  by  Waitl^J  is  recommended  to  the  reader. 

Essentially,  Walt!^)  shows  that  one  can  formulate  the  ground-wave  radiation  and  propagation 
problem  in  terms  of  the  Impedance  of  the  surface  normalized  to  that  of  free  space,  i.e.,  A  »  Z  jZ  ,  where 
7.  is  the  impedance  of  the  surface  in  ohms,  and  Z  =*■  120  tO  is  the  impedance  of  free  space.  T^c  quantities 
Asand  Z  are  functions  of  the  grazing  angle  and  material  properties.  For  the  earth  and  sea,  A  is  much  less 
than  unity,  and  hence  vertical  polarization  is  favored  for  near-grazing  or  ground-wave  propagation. 

It  was  established  by  Norton!  10)  and  Wise!  that  vertically  polarized  waves  propagating  near 
grazing  and  near  the  surface  of  tfie  ground  appear  to  be  glided  waves  loca ily .  even  though  macroscopically 
they  do  not  exhibit  this  guided  (or  Zenneck-wave)  nature.  Hence,  we  shall  derive  in  this  section  the 
effective  impedance  of  a  slightly  rough  surface,  treating  the  propagation  field  at  a  mean  planar  inter¬ 
face  as  a  locally  guided  wave. 

First,  we  write  the  expression  for  the  planar  field  guided  by  a  flat,  smooth,  highly  conducting 
surface.  The  geometry  is  shown  in  Figure  1,  Jordan! can  be  consulted  for  this  straightforward 
derivation: 


Ez  =■  Eo  expUko/T  -  Aa  x  -  ik0AZ  -  iou0  c }  , 

E^  =“  Eo Aexpliko/l  -  Az  x  -  ikoAZ  -  iu^t}  , 

Hy  *•  expliko/1  -  As  x  -  ll^AZ  -  ii%t)  , 
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where  Eq  is  the  E-field  amplitude  constant,  and  ko  is  the.  wavenumber  in  free  space,  i.e.,  2n/X,  where  X 
is  the  wavelength.  The  normalized  surface  impedance  at  grazing  for  a  medium  below  the  smooth  Interne 
of  complex  permittivity  ej  and  permeability  Ui  can  be  written  as 
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Included  in  is  the  effect  of  conductivity,  i.e.,  e  *  i  Ci/u>0,  where  c  is  the  real  dielectric 
constant  of  the  medium  and  Oj  is  its  conductivity.  For  se&  water  at  10  MHz,  for  example,  e  ="  80  e0 , 
Oi  ““  4  mhos/meter,  €-  (80  +  17200),  and  A  ~  1.18  x  iO*2  exp(-trr/4). 


Now,  we  write  the  total  field  above  a  slightly  rough  surface  (see  Figure  2)  as  follows: 

o> 
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E  =  E(h,0,z)  +  )  C  E(m  +  h,n,z) 
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where 


E(m  +  h,n,z)  «  E3exp{ia(h  +  m)x  +  iany  +  ib(m  +  !i,n)z) 


(3a) 


and 


b (h  +  h,nl  «  Aq  -  a2(ra  +  h)*  -  azn2  .  (3b) 

The  definition  of  b  above  is  such  that  Equations  (2)  satisfy  the  liclmholz  wave  equation.  The 
Cartesian  components  of  the  H~f*cld  are  not  given  here,  but  are  readily  determined  from  Maxwell's  equations. 

In  the  above  equations,  the  presence  of  roughness  manifests  itself  as  the  summation  terms.  As 
the  roughness  height  approaches  zero,  A  ,1!  ,  C  ,  will  vanish,  and  b(h,0)  “  -koA;  Equations  (2) 
then  become  identical  with  Equations  (2ynthennbccome  identical  with  Equations  (1)  for  s  guided  wave  over 
a  smooch  impedance  boundary. 

Also,  Coo  is  taken  to  be  identlca’ly  zero  in  (2c).  This  choice  is  possible;  what  it  really 
means  is  Choc  all  of  the  remaining  constants  are  non.Jllzed  so  that  the  0,0  mode  appearing  in  i2c)  is 
removed  from  the  summation  and  grouped  with  the  preceding  term,  E(h,0,z)  with  amplitude  E0 .  Physically, 

Che  quided-wave  portions  of  the  field  appearing  111  ..q’lations  (2)  are  all  terms  having  the  E(h,0,z) 
structure.  These  are 


-  (A  +  Ajo)  !:<!>, 0,/.) 


(Aa) 


*Thls  is  analogous  to  the  fact  that  a  spherical  wave  appears  planar  loca  1  lv.  i.e.,  within  the  area  of  a 
Fresnel  zone,  but  m'croscopically  it  is  spherical  in  nature. 


Ey  *  BooE(h,0,7!) 
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E"  «  E(h,0,z)  .  (4c) 

The  remaining  portions  of  Equations  (2)  consist  of  modes  generated  by  the  roughness.  These 
modes,  to  be  termed  the  scattered  field  here,  actually  include  both  propagating  and  evanescent  modes. 

The  guided-wave  portions  of  the  perturbed  fields  are  given  by  Equations  (4).  When  one  comperes 
(4a)  and  (4c)  with  (lb)  and  (la)  for  a  smooth  impedance  bour>''  y,  one  is  lead  to  define  an  "effective" 
or  average  impedance  guided-wave  propagation  across  a  roughs,  a  surface  os 

A  **  (A  +  Aoo)  *  A  +  (Aoo  )  (3) 

i.e.,  the  effective  impedance  consists  of  the  constant  impedance  of  a  smooth  interface  plus  (Aoo),  which 
accounts  for  the  roughness.  The  braces  (  )  denote  an  average.  This  convenient  definition  will  in  fact 
be  used,  and  che  goal  of  the  analysis  will  be  to  derive  an  expression  for  (Aoo).  If  the  roughness  is  to 
contribute  to  the  Impedance,  we  expect  this  average  to  be  nonzero.  Physically,  (5)  says  that  the  average 
wave  front  and  polarization  Lilt  at  the  surface  is 

(E^)/(E°>  -  A  =  A  +  (Aoo)  , 

which  is  another  way  of  defining  the  effective  surface  impedance. 


of  side  L: 


In  solving  for  Aoo,  we  expand  che  surface  height  itself  in  a  Fourier  series,  valid  over  a  square 


C(x, y)  «  2.  P(m,n)  expiia(mx  +  ny)j  (6) 

where  a  »  2n/L.  We  can  also  write  the  surface  slopes  S£/?x  and  6£/Sy  by  differentiating  (6). 

We  intend  to  solve  for  A00  by  a  standard  perturbation  approach.  Ecuations  (2)  for  the  fields 
are  to  be  substituted  into  the  Leontovich  boundary  condition  at  the  surface.  This  condition  is: 

E1  -  (n  •  E^n  »  TfeA(n  x  Hf)  . 

-jp 

Here,  E  and  H  arc  che  total  electric  and  magnetic  fields  above  the  surface,  as  given  in  Equations  (2) 
with  z  =  Q.  The  quantity  n  is  the  unit  normal  to  this  surface.  It  is  expressible  in  terms  of  the 
surface  slopes  as 

«  Sx  Ay  y  ,,s 

*  Fir'®  ■ 

The  determination  of  A00  proceeds  by  ordering  the  terms  in  the  resulting  series  in  order  of 
smallness.  The  following  quantities  ore  assumed  to  be  small,  and  hence  serve  as  perturbation  parameters: 

(1)  (koC)2  «  1  —  i.e.,  roughness  height  is  small  compared  to  wavelength;  (2)  (3C/5x)*,  (&t/3y)'  «  1  "• 
i.e.,  the  surface  slopes  are  relatively  small;  and  (3)  |A|  «  1  —  i.e.,  the  normalized  impedance  of  the 
medium  below  the  surface  is  small. 

All  of  the  above  conditions  are  satisfied  by  the  sea  at  HF/VHF. 

Sparing  the  algebraic  drudgery  (the  details  of  wnich  cm  be  found  in  Reference  13),  the  above 
procedure  shows  that  to  th°  first  order  in  the  perturbation  parameters,  Aoo  *  0.  To  the  second  order, 


lb(m  +  h,n)D(m,n) 


'  a  m  +  a  n  -  k„am 
L  D(m,n) 


k0sm  +  — *  —  n  )j}  |P(m,n)|3 


D(m,n)  -  1  +  r—  ^ — -  &  klill +  i  5  .  (9) 
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The  above  expression  for  A^  Is  valid  for  -erministic ,  periodic  surfaces  as  well  as  random 
rough  surfaces.  For  example  If  the  surface  is  sinus  idal  in  the  x-dircctlon  with  period  then  A 00 
consists  of  only  two  terms,  the  ones  for  m  *  *1,  n  «  0.  When  Aoo  3s  then  added  to  A,  one  has  the  effective 
surface  impedance  of  til's  sinusoidal  surface. 

When  the  surface  Is  random,  as  In  the  case  of  the  sea,  the  P(m,n)  are  random  variables.  In 
this  case,  we  arc  interested  in  the  average  value  of  Ao0 ,  end  the  P(m,n)  ore  related  .o  the  wave  height 
spectrum  of  the  surface,  W(p,q)  as  follows: 

( |P(m,n) |*>  3  -y  W(p,q)  (10) 


where  p  »  am  *  2'm/l.  and  q  *  a.i  ■  2"n/E.  If  we  then  take  the  average  of  Aoo  if  (8),  use  (10),  ami 


substitute  (A^g)  into  (5)  we  obtain: 
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where 


F(P.q) 
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*>'  ’  jr  *  (P  +  k0)a  -  qa  .  (12b) 

The  definition  of  W(p,q)  follows  that  of  Rice^2!,  as  does  most  of  the  notation  used  here;  this 
is  done  to  facilitate  reference  to  his  classic  perturbation  treatment. 

As  a  check  on  (11),  if  we  permit  A  to  approach  zero  in  (12)  we  obtain  F(p,q)  »  pa/b',  and 

A  .  A  +  1  f  f  (13) 

-CO  -CD 

This  result  was  derived  from  an  integral  equation  technique  by  Feinbergt 1A) .  If  we  allow  A  to  approach 
zero.  Equation  (13)  becomes  identical  to  that  obtained  by  Rice!2)  for  a  perfectly  conducting  surface. 

_  To  interpret  the  simpler  form,  (13),  let  us  refer  to  Figure  3.  We  separate  the  contribution 
to  A  of  the  integral  into  two  parts,  R,  and  -IX,.  The  contribution  R  comes  entirely  from  that  part  of 
the  height  spectrum  lying  within  the  circle  centered  at  p/ko  -  -1,  q/K0  »  0.  If  there  are  no  roughness 
spatial  frequencies,  or  waves,  within  this  region,  then  the  resistive  contribution  is  zero;  these  spatiel 
frequencies  must  thus  be  less  than  2ko.  Physically,  this  statement  means  that  only  ocean  wave*  longer 
than  X/2  can  contribute  to  the  resistive  portion.  From  a  study  of  scatter  from  this  type  of  surface,* *5, 16] 
it  has  been  shewn  that  waves  whose  lengths  are  greater  than  X;2  are  responsible  for  acctter.  Hence  the 
interpretation  of  the  resistive  portion  becomes  clearer;  longer  ccean  waves  whose  wavenumbers  lie 
within  the  circle  are  responsible  for  removal  of  energy  from  the  guided  wave  and  scatter  of  this  energy 
into  all  directions  in  the  upper  hemisphere.  This  energy  removal  produces  an  Increase  in  the  resistive 
term  of  the  surface  impedance. 

On  the  other  hand,  if  there  are  no  ocean  waves  whose  lengths  ara  greater  than  a  half-wave length 
(i.e.,  that  lie  outside  the  unit  circle),  then  the  roughness  contribution  to  A  is  purely  reactive;  in 
addition,  it  is  always  an  inductive  reactance.  Roughness  waves  of  these  shorter  lengths  do  not  scatter 
(at  least  to  the  first  order  in  k<,C,  the  roughness  height).  Hence,  this  higher-frequency  roughness 
produces  a  perturbation  on  the  local  field  at  the  surface  that  exists  only  at  and  near  the  region 
between  the  waves;  since  there  are  no  scattered  propagating  fields  removing  energy  from  the  guided  wave, 
this  effect  should  be  evident  only  very  near  the  surface.  The  perturbed  modes  in  this  rase  are  not 
propagating,  but  evanescent. 

2.2  Effective  Surface  Impedance  of  the  Sea  Using  the  Phillips  Wind-Wave  Spectrum. 

The  presence  of  roughness  on  the  ocean  is  due  to  winds  blowing  across  the  sea.  The  lull 
growth  of  the  longer  waves  (20-200  meters)  by  winds  ( 10-30  knots),  however,  requires  several  hours  to 
fully  develop.  After  the  winds  have  ceased,  the  higher  longer  waves  do  not  immediately  abate.  They 
decrease  in  amplitude  only  as  they  travel  to  other  areas  of  the  ocean  and  as  they  break  at  their  crests. 

Thus,  Che  longer  waves  at  a  given  patch  on  the  ocean  originate  from  two  sources:  (i)  winds 
which  have  blown  across  that  patch  for  the  several  hours  prior  to  the  observation,  and  (li)  waves  which 
have  been  developed  at  other  times  and  peaces  and  which  may  be  considerably  weaker  in  magnitude  than  at 
their  origins;  these  latter  are  called  swell.  Only  in  the  case  of  the  former  are  there  available  simple 
mathematical  models  relating  the  wave  heights  to  their  meteorological  sources,  the  winds. 

Hence  the  best  we  can  do  in  attempting  to  estimate  the  effect  of  sea  state  on  radio-wave 
propagation  and  scatter  is  to  use  a  simple  wind-wave  rr„)del  and  neglect  the  effect  of  swell.  The  error 
involved  will  almost  certainly  be  one  of  overestimation.  Roughness  heights  due  to  swell  are  bound  to  be 
less  than  chose  due  to  the  recent,  local  winds,  since  "swell"  is  actually  "sea"  in  the  process  of 
lissipation.  Therefore,  the  predictions  of  the  effects  presented  here  represent  "worst-case"  estimates, 

<*.nd  should  be  treated  os  such. 

The  Neumann-Plerson  ocean-wave  spectrum  was  suggested  some  fifteen  years  ago!12),  and  predictions 
■ased  on  it  can  be  found  in  (13).  Ocean-wave  data  gathered  in  recent  years,  however,  have  led  many 
ceanographers  to  search  for  a  more  accurate  model,  Phillips! IB]  and  Munk*‘°'  have  presented  convincing 
,’idence  to  show  that  the  spatial  spectrum  should  behave  as  (pa  +  qs)*a,  instead  of  the  (pa  +  q3)"9'4 
«  -pendcncc  of  the  Heumann-Picrson  model.  More  important,  however,  measurements  show  that  the  lowei-end 
vatoff  is  much  more  pronounced  than  the  artificial  exponential  factor  attached  to  the  Ueumann-Pierson 
spectrum.  Slope  measurements  by  Cox  and  Munkl20)  show  that  the  spectrum  is  closer  to  being  isotropic 
than  the  cosine-squared  directionality  often  assumed  with  the  Neumann-Pierson  model! 17). 

Hence,  we  employ  the  following  spectrum! *®1 : 


U(p,q) 


AB 
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where  8  “  0,005,  g  •  9.81  m.'sa  (acceleration  of  gravity),  and  V  l>.  the  wind  speed  in  a/s.  The  spectrum  is 
identical, y  zero  for  zp*  +  q*  <  g/U*  and  also  In  the  half-spac,  iron  which  the  wind  is  coming. 
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We  use  (14)  in  a  numerical  evaluation  of  Equation  (11),  and  the  results  for  the  normalized 
resistive  and  reactive  portions  of  effective  surface  impedance  are  shown  in  Figure  4.  We  divide  the 
spectrum,  (14),  by  two  and  integrate  over  all  p,q  space,  rather  than  only  over  the  forward  wind  half. 

This  is  necessary  because  at  a  given  instant  the  sea  profile  will  appear  frozen"  to  a  radio  wave,  and  it 
will  not  be  possible  to  tell  from  this  profile  whether  the  waves  are  moving  forward  or  backward.  For  tie 
spectrum  of  Equation  (14),  the  mean-square  height  is  h*  *  1/2  B  U*/g2.  Since  the  curves  are  meaningful 
only  for  k^h3  «  1,  they  can  be  used  for  frequencies  up  to  about  50  MHz  with  a  wind  speed  of  25  knots. 

The  conductivity  of  the  sea  is  taken  as  a  *  4  mhes/meter. 

2.3  Basic  Transmission  Loss  Across  the  Sea  Using  the  Phillips  Wind-Wave  Spectrum, 

We  can  now  employ  the  effective  surface  impedance,  A,  accounting  for  roughness  in  any  of  the 
more-or-less  standard  techniques  for  calculating  ground-wave  propagation.  In  particular,  we  employ  a 
modified  version  of  a  FORTRAN  IV  program  available  from  ESSAl 21J  for  propagation  over  a  spherical  earth. 
Their  program  is  modified  to  the  extent  that  it  will  accept  the  resistive  and  reactive  portions  of  the 
surface  Impedance  rather  than  the  ground  conductivity  and  dielectric  constant;  the  output  Is  modified  so 
that  it  prints  basic  transmission  loss  ns  well  as  the  other  variables. 

Basic  transmission  loss  is  a  concept  widely  publicized  by  Norton! 22) , [ 23)  in  the  1950's, 
Formally,  it  is  defined  as 
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where  ?  .  Is  the  power  transmitted  by  an  isotropic  radiator  and  P  is  the  power  received  by  an  isotropic 
radiator^  In  a  simple  communication  problem,  one  must  merely  subtract  out  the  free-spnee  antenna  gains 
(in  dB)  in  order  to  determine  the  overall  power  loss.  For  example,  the  basic  transmission  loss  between 
two  points  in  free  space  separated  by  distance  d  13  10  Logt0(4r''d/\)3;  if  tl  ace  two  point3  3rc  located 
above  a  flat,  perfectly  conducting  ground  plane,  the  4  is  replaced  by  2  in  .ne  parentheses.  The  pres¬ 
entation  of  ground-wave  attenuation  In  the  form  of  basic  transmission  Loss  appears  to  be  more  readily 
interpretable  and  useful  than  many  of  the  ground-wave  normalizations  (e.g.,  unity  electric  dipole, 

1  kW  transmitted  power,  field  strength  one  mile  from  the  transmitter,  etc.). 

Figure  5  shows  this  basic  transmission  loss  between  two  points  at  the  surface  of  a  perfectly 
smooth  se-  as  a  function  of  range.  These  were  computed  from  the  program  ut  ng  a  water  conductivity 
a  •  4  mhos/m  (typical  of  the  Atlantic),  and  effective  earth  radius  factor  ot  4/3  (accounting  for 
atmospheric  refractivity  in  an  idealized  manner).  In  Figures  6-8,  we  show  the  added  transmission  loss 
due  to  sea  state.  lhe3C  curves  were  calculated  using  the  same  program  ar.d  subtracting  the  results  from 
those  of  Figure  5  for  a  smooth  sea.  In  all  these  cases,  the  transmitter  and  receiver  points  are 
located  near  the  surface. 

Figures  9-11  fhow  the  basic  transmission  loss  to  various  points  above  the  earl  when  the  trans¬ 
mitter  is  located  at  the  surface.  The  first  number  at  each  height-range  grid  point  is  the  loss  when  the 
sea  is  perfectly  smooth,  while  the  second  represents  the  loss  when  the  sea  is  fully  excited  by  a  25-knot 
wind.  The  "height-gain"  effect  is  clearly  In  evidence  as  cne  moves  upward  at  a  given  ronge;  one  first 
observes  a  drop  in  signal  of  2-3  dB  and  then  a  monotonic  Increase  as  he  moves  out  of  the  surface-wave 
region  into  the  lit,  or  space-wave  region.  In  the  lit  region,  such  curves  and  computer  programs  are 
not  necessary,  because  the  transmission  loss  becomes  simply  the  Inverse-distance  relation  given  after 
Equation  (15). 

One  should  observe  from  Figure  6  tha.t  the  adoed  "loss”  due  to  sea  roughness  In  some  cases  is 
negative,  indicating  an  increase  in  signal  level.  This  effect  is  expected,  because  at  these  lower 
frequencies,  most  of  the  ocean  wavelengths  are  still  small  compared  to  the  radio  wavelength.  Thus  the 
contribution  Co  the  surface  impedance  is  almost  entirely  reactive,  rather  than  resistive.  Small 
corrugations  on  an  otherwise  conducting  surface  have  lung  been  known  to  contribute  to  its  reactance, 
with  a  resulting  effect  of  "trapping",  or  guiding  the  energy  near  the  surface.  Waic!^  discusses  this 
trapping  mechanism.  The  effect  here  is  not  strong,  however,  because  the  resistive  portion  is  already 
high  due  to  the  finite  rater  conductivity.  Also,  it  should  be  noted  by  comparing  the  curves  at  10  MHz 
and  30  MHz  (Figures  7  ar.d  8)  that  losses  due  to  sea  state  would  seem  to  be  less  pronounced  above  about 
15  MHz.  This  arises  from  the  fact  that  the  simple  Increase  In  impedance  due  to  water  conductivity 
with  frequency  overshadcs  the  Increase  due  to  roughness. 

Again,  it  should  be  mentioned  that  the  curves  presented  here  arc  based  on  the  Phillips 
isotropic  wind-wave  spectrum.  As  such,  the  losses  are  believed  to  represent  an  upper  Kmlt,  because  (i) 
it  takes  many  hours  for  a  strong  wind  to  fully  arouse  the  sea;  (tl)  the  length  of  ocean  over  which  an 
Intense  wind  is  blowing  (termed  "fetci. ')  may  be  less  than  the  range  between  transmitter  and  receiver,  and 
(111)  the  gentler,  ever-present  swell  contribution  to  roughness  is  neglected. 

3.  SCATTER  OF  A  GROUND  WAVE  BY  THE  MOVING  SEA  SURFACE. 

3,1  Derivation  of  the  Scattered  Field  Mode  Coefficients. 

In  the  preceding  section,  wc  examined  the  structure  of  the  ground  wave  propagating  across  a 
rough  3ea.  Wc  represented  the  electric  Held  above,  the  slightly  rough  surface  by  hquat.ons  (2). 
and  wc  saw  that  the  influence  of  the  roughness  on  ground-wave  propagation  manifested  itself  tn  tne  second- 
order  Aoo  term  of  the  series  of  (2a),  In  this  section,  we  wish  to  examine  the  remaining  perturbed  field 
coefficients  A  ,  B  ,  and  C  .  The  existence  of  these  coefficients  is  due  to  the  roughness  on  the 
surface.  The  sericiP'reprusen?  planc-wive  modi)  expansions  of  the  "scattered"  field,  although  the  modes 
of  this  "scattered"  field  may  not  he  propagating.  When  n  and  n  are  such  that  b(h  *■  n.n),  defined  in  (Jb). 
is  imaginary,  the  modes  arc  evanescent,  cr  nonpropogating.  When  m  and  i.  are  sufficiently  small,  however, 
that  b(h  +  m,n)  is  real,  the  scattered  modes  props 'ate  ufward,  away  from  the  surfocc,  ir  directions 
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related  to  m  and  n.  In  the  wavenumber  spate  of  figure  3,  this  corresponds  to  p/k0  (=»  am/k0),  q/ko 
(=  an/k0)  falling  Inside  the  displaced  unit  circle. 

We  generalize  the  previous  expansions  at  this  point  to  include  time.  The  slightly  rough  surface 
varies  in  height  with  time  as 

00 

£(x,y,t)  «  2  P(m,n,i)exp{la(BK  +  ny)  +  iwft}  ,  (16) 

m,n,'*2=-® 

where  w  =  2n/l ,  T  being  the  basic  time  period  of  the  Fourier  expansion.  The  remaining  terms  are  as 
defined  in  (6).  The  perturbed  fields  arising  from  a  vertically  polarized  wave  at  grazing  incidence 
passing  over  the  surface  are  still  represented  as  in  Equations  (2),  but  with  the  added  subscript  2 
( i . e . ,  A  £,  •••  ,  t(m  +  h,n,2,z) ) .  In  addition,  (3a)  is  expanded  to  show  this  time  dependence  as 

E(m  +  h,n,2,z)  =  E0exp{ia(h  +  n^x  +  iany  +  ib(m  +  h,n)z  +  i(u2  -  ir0)t]  ,  (17) 

-  iu)0 1 

where  the  time  dependence  of  the  incident  field  on  the  carrier  te0  is  e 

The  solution  of  the  problem  here  acn  consists  of  finding  A  I5mri anc*  C  ..  This  is  done 
in  the  straightforward  perturbation  nrnner.  We  again  employ  the  Leont'evich,  or  Impedance,  boundary 
condition  given  before  Equation  (7),  since  this  condition  is  fulfilled  by  sea  water  below  UHF .  The 
-  a sumptions  Involved  in  the  perturbation  parameters  are  as  given  after  Equation  (7).  The  general 
coefficients*  for  arbitrary  m,  n,  and  2  are  of  first-order  in  these  perturbation  parameters,  and  are: 


N, 


mnf  D(m,n) 


P(i..,n,  f) 


B 


mn£  D(m,n) 


P(m,n,£) 


-a(m  +  h)  N 


A 


anN„ 


°mn2  b(h  +  m,n)  D(m,n) 


P(m,n,X)  , 
( 18a ,b,c) 


where 


NA  =  'lam[l  +  V1 

a2(h  +  m)2' 

)  j  +  lan 

Ak  A  a2n(m  +  h) 

(19a) 

k|  / 

b  k|  ’ 

“b  =  -ian[‘  +  ^  1 

T^H/J 

iam  ^ 

a2n(m  +  h) 

Ko 

(19b) 

and  D(m,n)  is  as  given  in  Equation  (9). 

Throughout  the  derivations  of  the  above  coefficients,  only  first-order  terms  in  k0C,  Cx»  C  . 
and  A  (the  perturbation  parameters)  were  retained.  Tin.  second-order  corrections  have  been  derived  by 
Ricei2*  for  perfectly  conducting  surfaces,  and  these  are  complex  in  general  and  difficult  to  interpret. 

When  one  reaches  the  point  where  the  second-order  terms  are  necessary  to  correct  the  above  expressions, 
the  entire  perturbation  technique  has  been  pushed  to  the  limit  of  its  expected  validity. 

The  first-order  coefficients  of  the  scattered  field  give  particularly  enlightening  interpre¬ 
tations  of  the  interaction  mechanism.  Tile  direction  of  propagation  of  the  scattered  m,n,Z  mode  is  directly 
-elated  to  the  Fourier  component  of  the  surface,  and  for  propagation  modes,  this  direction  is  the  Bragg 
direction  required  by  a  periodic  surface  witli  wavenumbers  am  and  an. 

3.2  The  Far-Ficld  Scatter  from  a  Sea  Surface  Patch. 

In  Equations  (2)  and  (18),  we  tiave  modal,  plane-wave  expansion  for  u.c  fields  above  a  surface  of 
infinite  extent.  We  wish  now  to  apply  the  preceding  results  to  a  patch  of  sea  surface  of  finite  extent. 

In  particular,  let  us  c..oosc  a  square  patch  of  side  L.  In  most  practical  situations,  I,  will  be  consider¬ 
ably  larget  than  the  wavelength,  X,  but  considerably  smaller  than  R<>,  the  distance  from  the  patch  to  the 
observation  po'nt.  It  is  this  situation  which  is  of  interest  here,  i.e.,  X  <"<  L  «  R<>. 

When  the  scattering  patch  is  considerably  smaller  in  extent  than  Rq,  the  far-zor.e  distance  from 
the  patch  center  (See  Figure  12),  we  can  employ  the  following  equation  for  the  scattered  magnetic  fleldl24) 


H8  (Ro,t) 


lk0e 


AitRo 


ik0Ro  -L/2  pL/2  -  s 

!  j  jt<o 

-L/Z  -L/2  L 


(s  x  n8)  -  /  f-  (fi  x  ?>  +  $ 

V  V*o  *0 


(n 


)G8]  •« 


-ik0(t0 


dS' 


(20) 


where  E8  and  ii8  in  the  integrand  are  the  fields  evaluated  at  the  surface  element  dS ' .  Here  is^a  unit 
vector  pointing  in  the  desir-d  observation  direction,  i.e.,  =  sin_9g  cos  9g  x  +  sin  ®g  sin  y  + 

cos  3  z,  where  the  angles  are  as  defined  n  Figure  12.  The  vector  r'  points  from  the  origin  to  the  local 
area  increment,  d3 1 ,  on  the  surface  of  integration. 


The  perturbation  approach  of  the  preceding  .action  shows  .hat  the  slight  roughness  produces  a 
scattered  E-field,  E8,  whose  three  Cartes'":  components  are  represented  by  the  three  summations  cf 
Equations  (2).  It  also  makes  it  possible  to  choose  our  sur'acc  of  integration  as  the  z  =_0  plane  by 
writipg  F  and  H  in  the  integrand  evaluated  on  this  plane.  Then  dS 1  *  dxdy,  and  n  *»  z;  li  is  simply 
determined  from  E8  using  Maxwell’s  equations.  Also,  we  restrict  our  interest  at  this  point  to  the  '0g 


*The  method  of  solution  fo.lows  directly  that  of  Klcet 2j . 
omitted  here. 


The  algebra  is  straightforward  and  hence 
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component  of  ir(Ro,t),  i  e.,  the  scattered  H-field  normal  to  the  scatter  plane.  Then  the  integral  bc-omes:' 


koe11^  c  &n  rL/2 

4,15,0  m,n,l  -L/2  -L/2 


H^Ro.C) 


P(m,n, l) f  (m,n)e 


ia(m  +  h)x  +  tany  +  l(w.6  -  i%)t 


-ikosin  9g  cos  spg  x  -  lk0  sin  6g  sin  cpgy 
X  e  dxdy  , 

where  f  (m,n)  is  a  factor  containing  N. ,  N„,  and  determined  from  (20). 

(p  Ao 

Equation  (21)  can  be  integrated  over  the  square  patch  to  give 

s  ik*L2eikoR° 

H  (Roit)  »  — - G  ,  where 

(pv  417^  <P 

fsin(k0sin  9  cos  <p  -  am  -  ah);*]  [sinllqjSin  8  sin  tp  -  an)r 


£  P(m,n,f)f  (m,n)  -• 

m,n7f  v 


(koSln  8g  cos  :pg  -  am  -  ah)j  J  ^  (k0sin  6g  sin  <pg  -  an)j 


l(wr  -  UBo)t 


As  yet,  no  statistics  have  been  Introduced.  Equation  (22)  can  apply  for  a  deterministic 
periodic  surface  with  Fourier  expansion  coefficients  P(m,n,2)  as  well  as  to  a  random  surface.  We  could 
square  li|i  and  average  at  this  point  to  obtain  the  scattering  cross  section  per  unit  area.  However,  since 
we  will  ultimately  be  interested  an  expression  valid  near  grazing  (i.e.,  8  -*  n/2),  we  shall  defer  the 
averaging  process,  and  first  study  the  effect  of  scatter  above  a  plane  with  nonzero  surface  impedance,  A. 

3.3  Application  of  the  Compensation  Theorem  to  Scatter. 

King[25,26]  has  recently  applied  the  Compensation  Tneorem  to  the  problem  of  radiation  from  a 
dipole  above  a  plane  with  surface  impedance,  A.  We  shall  apply  it  in  the  same  manner  to  our  problem: 
reradiation  from  a  scattering  patch  on  Che  surface  to  a  far-zone  point  above  a  plane  with  effective 
surface  impedance,  A.  The  reader  is  referred  to  King's  papers  for  details  on  the  technique. 

The  derivation  shows  that  the  general  radiation  problem  can  be  reduced  to  the  following 
integral  equation  (Equations  (6)  and  (7)  of  Klngi26!): 


„3'  =HS  +i^ 

>  <P  7n 


f  4 


sin  6  cos  V  ds 


where  the  indicated  angles  are  shown  in  Figure  13. 


Here,  Ify  (the  first  term  on  the  right  side  of  (23))  is  the  "unperturbed"  $  component  of  the 
H-field  at  the  observation  point,  the  Igft  side  of  (23)  represents  the  "perturbed"  cp8  component  of  the 
H-field  at  the  observation  point,  and  Hep'  in  the  integrand  is  the  component  of  the  "perturbed"  H- 
field  at  dS,  the  Integration  point  on  the  plane. 

The  terms  "perturbed"  and  "unperturbed"  as  used  with  the  Compensation  Theorem  have  different 
meanings  than  used  previously  with  the  technique  for  scatter  from  a  slightly  rough  surface.  The 
"perturbed"  field  here  is  the  unknown  quantity,  and  its  nature  depends  upon  the  surface  over  which  It 
propagates.  Tge  "unperturbed"  solution  to  the  problem  is  presumed  known.  Thus  (23)  is  an  integral 
equation  in  H  ',  the  desired  "perturbed"  field. 

Analogous  t<.  King^24!,  we  select  for  our  "unperturbed"  field  the  far-cone  H8  component 
reradiated  from  the  surface  ;acch  when  the  remainder  of  the  surface  is  perfectly  conducting  (i.e.,  A  »  0) . 
This  is  given  by  Equation  (22a)  when  we  set  A  «  0  in  Equation  (22b)  for  f  (m,n).  Thus,  the  reradiated 
H-field  to  be  used  as  the  unperturbed  solution  In  (23)  is 


„s  lknLse 


where  represents  Qp  of  (22b)  but  with  A  =  0.  This  expression  is  doubled  from  that  of  (22a)  because 
of  the  location  over  the  perfectly  conducting  plane. 

Now,  analogous  to  Kingl2^)  we  define  the  "perturbed"  or  unknown  field  as  equal  to  the 
"unperturbed"  field  times  a  slowly  varying  attenuation  function,  i.e., 

H8'  =  11s  F'(d.z,A)  .  (2 

Then  Equation  (23)  can  he  rewritten  an  an  integral  equation  in  F1,  obtaining: 


—  “iho^O  _ 

F'(d,z,A)  1  +  2UG=(0)  J  4 


_  .  ,  IMRi  +  Rah 

4  VPl)  \~ — rTr^ - )  F'(R1>°>4)  ’  sin  6  003  Y  dS  •  <26> 


where  c|p(0)  is  G,8  evaluated  at  93,  »s  and  c£(vh )  is  G,4  evaluated  at  8  ■»  r/2,  »3  +  . 
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We  now  note  that  for  highly  conducting  surfaces  where  |A|  «  l,  that  F’  is  close  to  unity  and  the 
above  integral  is  very  nearly  zero.  It  is  only  in  the  vicinity  of  grazing  (i.e.,  n/2  -  6  “•  z/d  “*  0) 
that  the  incident  and  reflected  waves  reradiated  by  the  patch  cancel  and  only  the  Horton  surface  wave 
resains.  Therefore,  the  Integral  in  (26)  is  Important  only  at  very  smalljgrazing  angles,  typically 
0**0. 5*  for  sea  water  (i.e,,  below  the  Brewster  angle).  In  this  region,  A  in  the  integrand  is  nearly  a 
constant,  and  also  G^(tpi)  is  nearly  constant  over  the  important  region  of  Integration  near  (ft  =  0, 

8s  “  n/2.  Also,  sin  i“l  and  cos  Y  “*  1,  so  that  the  integral  equation  simplifies  to 

ik  ILse"1'*'0'*'0  -<*  -  ,  iMRi  +  Rah 

F’(d,z,A)  “  1  +  -  A  j  F'(Ri,0,A)(- - ^ - )  dS  .  (27) 

8  18 

The  remaining  solution  to  (27)  is  performed  by  King^S, 26]  ^  using  an  elliptic  coordinate 
system  as  a  basis  for  the  surface  Integral  and  performing  a  stationary  phase  integration  in  the  <Pi 
direction,  the  result  is  reduced  to  an  inhomogeneous  Volterra  integral  equation  of  the  second  kind.  This 
is  then  solved,  and  F1  is  shown  to  be  Identically  the  Norton  attenuation  factor. 

The  point  of  this  section  is  the  following:  a  patch  of  sea  scattering  or  reradiating  vertically 
polarized  electromagnetic  energy  over  an  imperfect  surface  does  so  in  a  manner  identical  to  a  vertical 
dipole  located  on  the  same  plane.  Within  the  restrictions  of  the  problem,  therefore,  all  one  must  do  is 
evaluate  Equation  (22a)  a;  A  *  0  (i.e,,  the  perfectly  conducting  limit)  and  multiply  by  2F',  the  Norton 
attenuation  factor. 


In  terms  of  L.  ,  the  basic  transmission  loss  derived  and  discussed  previously,  2F'  becomes 
2F1  «  2koRol0I,8'20>  wheEe  1^  is  defined  and  presented  on  those  curves  in  decibels.  Hence  the  field 
scattered  by  the  patch  of  sea  can  be  expressed  as 


V*9'0 


or  alternately 


tyRo.t) 


ik|L2eikoR° 


where  F'  is  the  Norton  attenuation  function,  Lg  is  the  basic  transmission  loss  derived  in  the  preceding 
section,  and  GC  is  G  of  (22b)  evaluated  at  A  -  0, 

<P 

3, A  Derivation  of  the  Average  Scattered  Signal  Spectrum. 

At  this  point,  we  are  ready  to  consider  averaging  over  ensembles  of  surfaces  whose  Fourier 
expansion  coefficients  P(m,n,f)  are  random  variables.  To  th|s  end,  we  form  H^,(Ro  ,  ti  )h£*(Ro  ,  t2)  from  (28), 
(the  star  denotes  complex  conjugate)  and  avegage  to  obtain  R  (t),  where  T  *  t*  -  t2.  This  implies 
statlonarlty  in  the  temporal  sense  so  that  R  (T)  depends  only  on  the  difference,  T,  and  not  upon  tj  or  t2. 


CO 

a  kat*F,a  rr  I  r  I3  8l',(k0sin 

_  La 
sln(kn3in  8  sin  <p  -  q)m 

x - —  W(p,q,u))e 

(kosin  8a  sin  «g  -  q)j 


e8  cos  ~  ko  ~  P>2 

®s  cos  Va  ’  k°  '  P)L 


W(p,q,ui)ei^lU  ”  W°^T  dpdqd'JU 


In  the  above,  the  six  summations  have  been  reduced  to  the  triple  integral  by  using  the  statistical 
independence  f  the  Fourier  coefficients  and  the  definition  of  the  spatial  and  temporal  surface  height 
spectrum: 

/  ii3 

W(p,q,u>)  for  m2  »  — li,  n2  =  -nx  , 


<P(ml,n1,/i)P(m2,n2,f2))  a< 


0  otherwise 


Also,  in  the  merging  of  series  into  integrals,  we  employ  p  »  am,  q  “  an,  uj  »  wi.  Since  all 
quantities  in  the  integrand  now  appty  to  a  perfectly  conducting  surface,  ah  becomes  k0,  as  seen  from  a 
preceding  section.  The  quantity  f§(p,q)  represents  fg(m,n)  of  (22b)  evaluates  for  A  -  0,  am  -  p,  an  -  q. 

Equation  (29)  can  be  simplified  further  by  employing  an  assumption  we  made  earlier:  the 
scattering  patch  size,  L,  is  much  greater  than  wavelength,  so  that  koL  »  1.  Under  these  conditions,  the 
[sin  x/x]s  functions  in  the  integrand  become  impulse  functions: 


sln(koSin  9g  cos  <pg  -  ^  -  V)j 
(k0sin  8g  cos  <Pg  -  k0  « 


2n  6(p  -  k0(sin  6g  cos  <pg  -  l)) 


with  a  similar  expression  for  the  other  factor.  These  impulse  functions  permit  integration  over  p  and  q 
to  give 
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R3(t)  ■  —  f^[ko(sin  9s  cos  <pg  -  l),  k<)Sin  9g  sin  c&g jj  j  W[kc(sin  6| 

k(jSir.  9  sin  <p  ,u>]  e*^<B  dte 


s  eos  *s  *  l)* 


(31) 


Rather  than  the  correlation  function  of  the  scattered  signal,  we  are  interested  In  Its  power 
density  spectrum;  this  is  simply  the  Fourier  transform  of  R  (t),  where* 


P8(u,)-ij  Rs(T)e-iu)T 


dT 


Making  this  transformation,  we  obtain 

2 

A®)  “  |^|ko(sln  ®s  =03  <P3  -  1).  koSin  9s  sin  tpg]  j  X 

X  W(k0(sin  9  <f>  -  U,  kgSin  6  sin  tp  ,  u>  -  t%]  ,  (32) 

S  S  S3 

He  now  simplify  fcjj  by  noting  that  as  A  -  0,  N.  **  -ip  »  -ikg  (sin  9S  cos  cps  -  1),  N^  —  -iq  » 
ik0sin  9g  sin  <pg,  and  D(m,a)  ■*  1.  Carrying  through  theAalgebra,  we  arrive  at  the  following 

P“(io)  »  L f —  (sin  g  _  cos  }a  0  cos  tp  -  1),  koSin  9  sin  tp  ,  'J»  -  iu0]  , 

3  S  S  8  S  S 

krt 

where  Ho  *  grr  E0.  Now,  the  above  result  can  be  converted  to  C(m),  the  range-independent  blstatic 
scattering  cro3s  section  per  unit  surface  area  per  radian/scc  bandwidth  by  multiplying  by  4nR3/L3HoF's  to 
obtain 

a('jo)  =  nkj(sin  9  -  cos  tp  )2  W(ko(sin  9  cos  tp  -  1),  k^sin  8  sin  tp  ,  tu  -  (%)  .  (33) 

S  S  •  S  S  "S3 

To  obtain  0°,  the  average  bistatic  scattering  cross  section  per  unit  area,  we  integrate  over  all 
frequencies  to  obtain 


-CO 

°°  “  t"  J  tf(®)<>*  >  °r 

-00 

o°  =  Tik§(sin  9  “  cos  tp  )3  Wfk0(sin  9  cos  (p  -  1),  koSin  8  sin  tp  ]  ,  (34) 

S  S  S3  S3 

where  in  (34)  we  have  reduced  the  surface  height  spatial-temporal  spectrum  W(p,q,u>)  appearing  in  (33)  to 
the  surface  height  spatial  spectrum,  W(p,q). 

Let  us  recall  that  we  have  in  (33)  and  (34)  the  average  scattered  signal  spectrum  and  bistitic 
cross  section  per  unit  area  of  a  surface  illuminated  by  a  ground  wave  propagating  along  the  x-dlrection 
and  scattering  into  the  direction  8S,  tpa.  The  polarization  (E-field  direction)  retained  in  both  the  in¬ 
cident  and  scattering  directions  is  vertical  (i.e.,  lying  in  the  planes  of  incidence  and  scatter).  The 
imperfect  nature  of  the  surface  is  taken  into  account  by  the  Norton  attenuation  factor,  F',  appearing  in 
the  equations.  Thus,  if  we  can  find  W(p,q)  and  W(p,q,uj)  tor  the  sea  surface,  we  have  expressions  for  the 
scattering  cross  section  and  signal  spectrum  expressed  directly  in  terms  of  these  surface-height  spectra. 
Conversely,  by  measuring  o(tu)  for  various  scattering  angles  and  frequencies,  we  might  hope  to  deduce 
estimates  of  the  ocean  wave-height  spectrum. 

Equation  (34)  can  be  compared  with  previous  results  by  Barrick  and  Peake!  *  1  » I  27) ,  where 

the  incidence  angle  has  not  been  ta..cn  as  grazing  (i.e.,  8i  is  not  n/2  as  we  assume  in  this  paper).  How¬ 
ever,  one  should  take  note  of  the  different  normalization:  we  normalize  here  by  dividing  by  the  total 
ground-wave  field  intensity,  E0  or  Ho,  over  the  scattering  patch.  In  the  case  of  sky-wave  clutter 
(9^  4  n/2)  discussed  in  the  above  references,  the  conventional  normalization  divides  by  the  downcoming 
incident  field.  At  grazing  the  latter  is  one-half  of  Ej,  the  total  ground-wave  field.  Hence,  the  results 
for  o°  in  the  above  references  have  an  added  factor  of  4  present  in  (34).  Unfortunately  there  appears  to 
be  more  diversity  than  convention  cn  how  to  define  scattering  cross  sections  of  surface  objects  at  near¬ 
grazing  angles,  and  one  must  be  wary  in  using  others  results  because  of  the  constant  presence  or  absence 
of  factors  2,  4,  and  even  16  in  the  definitions. 

Finally,  we  call  attention  to  the  scattering  mechanism  in  evidence  in  Equations  (33)  and  (34): 
Bragg  scatter.  The  bistatic  radar  responds  to  only  those  roughness  waves  with  wavenumbers  p  • 
ko(sln  0S  cos  tag  -  1),  q  »  k0sin  93  sin  tps,  as  seen  from  the  arguments  of  the  wave-height  spectrum  in  those 
equations.  These  roughness  wave  crests  arc  of  precisely  the  correct  length  and  orientation  direction 
for  a  diffraction  grating  which  is  to  scatter  a  wave  at  grazing  incidence  along  the  x-axls  into 

directions  9  ,  tp  . 

s  s 

3.5  First-Order  Ocean  Wave-Height  Spatial-Temporal  Spectrum. 

To  a  first  order,  we  can  relate  W(p,q)  to  W(p,q,u>)  for  the  ocean.  Tills  is  possible  because 
deep-water  waves  of  a  given  length,  L,  travel  ct  a  speed  v  n  /gL72n,  where  g  “■  9.81  ir./s!  is  the  accel- 

*It  should  be  cautioned  that  the  normalizations  used  here  in  the  definitions  of  the  Fourier  transforms  do 
not  conform  to  many  used  in  cosmmnicaciun  theory.  We  employ  these  in  order  to  permit  reference  to 
Rice's  work! 2) . 
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eration  of  gravity.  This  Is  correct  to  c.  first  order  in  the  waveheight/wavelength  ratio.  Studies  have 
shown,  however,  that  this  ratio  is  always  small,  for  when  it  exceeds  0.14,  wave  crests  tend  to  be  unstable 
and  break,  dissipating  energy  and  reducing  the  height  of  the  waves.  Hence,  to  this  first  order,  the 
temporal  wavenumber,  u>,  is  related  uniquely  to  the  spatial  wavenumbers  by  the  following  dispersion 
equation: 

iu±  *»  ±  [g/pa  +  q s]Va  ■  ±  [g/a*m*  +  a*n*]1/8  ,  (35) 

where  the  ±  signs  arise  from  ambiguity  in  the  direction  of  travel  of  the  ocean  waves. 

Therefore,  Equation  (16)  for  first-order  ocean  waves  may  be  rewritten  as  follows: 

CD 

...  V  „  ,  .  iamx  +  iany  +  iu>,t  ,,,, 

C(x,y,t)  »  2,  p±(m>n)e  *  >  (3$) 

m,n—“ 


where  io±  is  given  in  (35). 

We  can  now  determine  W(?,q,u))  by  multiplying  C(Xi,yi,ti)  by  C(xaiya»ta)>  averaging,  and  taking 
the  Fourier  transform,  l.e., 

.  ipt  +  iqT  +  iUJT 

M(p,q,(«)  “  JJJ<C(xi,yi,ti)C(5'3,ya,t3)>  e  X  y  dr  dl  dT  , 

m  CD  ' 

where  T  =  xl  -  xs,  t  =  yi  -  y3,  and  t  =  tj  -  t2.  Using  the  definitions  of  the  spatial  spectrum  given 
in  (10)x  the  spatial-temporal  spectrum  then  becomes: 

W(P.q.w)  "  2W+(p,q)6[u)  +  u)+]  +  2W_(p,q)6(uj  +  U)J  ,  (37) 

where  again  the  ±  signs  refer  to  the  direction  of  motion  of  the  waves,  and  (u^  is  given  in  (35). 

The  above  indicates  that  the  spatial-temporal  wave-height  spectrum  for  a  giver.  p,q  (spatial 
wavenumbers)  consists  of  only  two  possible  discrete  temporal  frequencies,  u>+  and  w  ,  which  are  related 
to  p  and  q  through  (35). 

3.6  Radar  Scatter  and  the  Phillips  Isotropic  Wind-Wave  Spectrum. 

Let  us  now  combine  Equation  (33)  for  the  scattered  signal  spectrum  with  (37)  for  the  first- 
order  spatial-temporal  spectrum  of  the  ocean.  Recall  that  (33)  represents  the  vertically  polarized 
signal  scattered  in  a  direction  0S,  cps  from  a  ground  wave  (vertically  polarized)  per  unit  area  of  sea  per 
radlan/sccond  bandwidth. 

o(ui)  =  2nk$(sin  0  -  cos  tp  )*{w  [ko(sin  0  cos  (p  -  1),  k0sin  0  sin  cp  ]6(io  +  iu  -  u^) 

8  S  v  t  3  3  S  8  T 

+  W_[ko(sin  0g  cos  cpg  -  1),  lqjsin  6g  3in  cps]6(u)  +  «)_  -  1%  )}■  .  (38) 

Notice  that  this  scattered  signal  spectrum  consists  of  two  spikes  centered  at  <%,  the  carrier, 
but  shifted  by  an  amount 


O) 

X 


0 

a 


-  2  sin  0  cos  cp 
s 


(39) 


These  Doppler  shifts  correspond  to  the  velocities  of  ocean  waves  with  the  proper  lengths  for  Bragg 
scatter,  i.e.,  L  =  \/[sina  8S  -  2  sin  0g  cos  (p3  +  l]1/*,  where  X  ■  2n/ko  is  the  radio  wavelengths. 

The  frequency  shift,  <u±,  is  zero  in  the  forward  direction,  where  0_  -  n/2,  9  -  0.  It  is 
largest  in  the  backscatter  divertion,  where  0s  n/2,  tps  -  n.  Here,  <u±  »  ±  72k0g,  andSthe  lengths  of  the 
water  waves  responsible  for  scattering  becomes  the  shortest,  l.e.,  L  =  X/2. 

For  backscatter  at  10  MHz,  for  example,  fx  “  U)  /2n  =  ±0.322  Hz,  and  L  =  15  meters.  The 
observation  of  such  shifts  in  the  received  signal  is  entirely  possible  with  the  processing  techniques 
available  in  present  day  receivers.  In  fact,  Crombie  clearly  observed  these  shifts  as  early  as  1955tl). 
Here,  of  course,  the  +  sign  in  front  of  the  shift  arises  from  receding  waves  and  the  -  sign,  from 
approaching  waves.  The  strength  of  each  spectral  line  gives  a  quantitative  indication  of  the  strengths  of 
ocean  waves  approaching  and  receding  from  the  radar. 

Let  us  now  specialize  these  equations  to  the  case  of  backscatter  (03  ■  n/2,  cp3  «  n)  and  employ 
the  Phillips  model  for  an  isotropic,  wind-driven  fully  developed  sea.  Equation  (14)  gives  the  functional 
form  forW(p,q),  and  using  this,  we  have  the  following  particularly  simple  results: 

o(w)  »  21S^f+6(u)  -  <%  +  / 2gk0 )  +  f_6(m  -  ufc  -  /2gk0)j  ,  and  (40) 

C3  »  B  »  0.005  (41) 

In  Equation  (40),  (giving  the  signal  spectrum),  f.,.  and  f.  represent  the  fraction  of  spectral 
energy  in  the  advancing  and  receding  waves,  with  f  +  £  *  l. 

Equation  (41)  is  valid  fur  the  average  bistatic  scatter— as  well  as  backscatter— cross  section  per 
unit  are...  Based  un  the  Phillips  isotropic  wind-wave  spectrum,  it  icpresents  a  very  concise  expression  for 
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the  scatter  cross  section.  The  quantity,  o°,  is  commonly  used  in  radar  systems  analysis  to  estimate  the 
clutter  power  received.  Expressed  in  decibels.  Equation  (41)  becomes  a°  “  -23  dB;  this  result  has  been  noted 
also  by  Hunk  and  Nierenbergl 19] .  Values  for  o®  between  -20  dB  and  -30  dB  have  been  reported  for  sea  clutter 
at  HF  using  vertical  polarization.  A  significant  aspect  of  this  model  for  o°  is  its  lack  of  dependence 
on  frequency.  Insufficient  data  are  available  at  HF  to  deduce  a-.y  clear  frequency  dependence,  but 
observations  tend  to  confirm  a  relatively  weak  frequency  dependence.  Had  we  used  a  Neumann-Plerson  ocean- 
wave  model,  o°  would  have  varied  as  k0“Va  ,  being  -21  dB  at  10  MHz. 

Let  us  recall  what  we  have  in  Equation  (41)  and  the  Phillips  spectrum.  He  have  at  best  a  crude 
estimate  of  fully  developed  ocean  roughners  based  on  the  wind  above  the  surface, The  ocean-wave  direction 
is  assumed  to  be  isotropic,  but  is  identically  zero  for  wind  speeds  less  than  /g/2k0  meters/second  as 
discussed  after  Equation  (14).  Hence,  o 0  for  backscatter  would  be  identically  zero  for  winds  below  this 
velocity,  and  -23  dB  for  winds  exceeding  this  velocity.  In  practice,  one  would  not  expect  to  observe  this 
abrupt  drop  in  o°  with  wind  speed.  In  addition,  the  wind-wave  spectrum  would  appear  to  represent  an 
overestimate  of  W(p,q)  and  hence,  o°,  because  the  model  neglects  swell  and  also  the  finite  fetch  over 
which  a  patch  of  ocean  is  likely  to  be  fully  aroused. 

3.7  The  Received  Power  and  Signal  Spectrum. 

In  (34)  and  (38)  we  have  the  backscatter ing  cross  section  per  unit  area  and  its  time  spectral 
density  for  the  sea.  These  are  related  to  the  received  signal  power  through  the  radar  range  equation  as 
follows : 


and 
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o°ds 


(42a, b) 


where  dP  (iu)  and  dP  are  the  amounts  of  power  per  rad/s  and  power  received  from  a  patch  of  sea  of  area 
ds.  Thequantity  P*  is  the  transmitted  power,  G  and  GR  are  the  transmitting  and  receiving  antenna  (free- 
space)  gain  functions  in  the  direction  of  the  patch,  Rj  and  Rg  art  the  distances,  transmltter-co-patch  and 
patch-to-receiver.  F£  and  F^  are  the  Norton  attenuation  factors  for  the  trnnsmltter-to-target  path  and 
target-to-recelver  path,  respectively — the  target  being  the  patch  of  sea,  ds.  The  quantities  C(i!)  and  0°  , 
as  related  to  (34)  and  (38),  must  be  evaluated  at  the  bistatic  angles  9  ,v  at  the  patch. 

3  S 

The  received  power  spectral  density,  P_(u)),  is  related  to  the  total  average  power  in  the 
following  way:  ‘ 

PR  “  2  1  5V“)>d“  (43) 

•  CO 


Equations  (42)  can  alternately  be  expressed  in  terms  of  the  basic  transmission  loss  discussed 
in  Section  II  by  the  following  equations: 
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Lj_  and  being  the  basic  transmission  losses  in  decibels  over  the  transmitter-target  and  target-receiver 
paths.  Again,  several  of  the  parameters  in  the  above  equations  may  be  functions  of  the  bistatic  angles  at 
the  patch,  ds. 

To  obtain  the  total  received  signal  power  or  power  spectral  density,  one  then  Integrates  over 
all  areas  of  the  sea.  Frequently,  however,  such  patches  are  limited  in  extent  by  the  use  of  a  short-pulse 
(or  an  equivalent  time-coded)  signal  and  finite  antenna  beamwidths.  In  such  cases  the  integrations  can 
often  be  simplified. 


4.  MEASUREMENT  OF  THE  OCEAN-WAVE  SFECTRUM  WITH  A  BISTATIC  RADAR. 

4.1  General  Considerations. 

The  simple  relationship  between  the  scattered  signal  and  the  ocean  wave-height  spatial  spectrum 
expressed  In  (38)  suggests  possibilities  for  quantitative  measurement  of  the  state  of  the  sea  surface. 
While  oceanographers  have  devised  several  techniques  for  measuring  the  temporal  wave-height  spectrum  of 
the  surface  (from  which  the  nondirectional  spatial  spectrum  may  be  obtained),  very  few  practical  and 
reliable  methods  permit  measurement  of  the  directional  spatial  spectrum,  W(p,q).  Hence  a  new  sensing 
technique  which  can  measure  this  quantity  should  provide  oceanographers  with  welcome  knowledge  about  the 
nature  of  ocean  waves. 


Where  lees  detail  about  the  surface  spectrum  is  needed,  the  use  of  HF  radar  in  conjunction  with 
ships,  aircraft,  satellites,  or  other  telemetry/relay  devices  could  yield  frequent  estimates  of  sea  state 
on  a  global  basis.  At  present  there  are  no  operable  sensors  which  provide  such  data,  and  most  proposed 
schemes  suffer  serious  deficiencies  in  this  respect.  We  feel  that  the  HF  radar  as  on  ocean-surface 
remote  sensor  will  prove  to  be  a  workable  solution  to  this  problem. 

A  study  of  Equation  (38)  3l:ows  that  several  radar  parameters  appear  in  the  arguments  of  W(p,q) 
which  might  be  exploited.  By  varying  the  frequency  of  operation,  we  change  k0 .  A  suitable  range  of 
variation  might  lie  between  3  and  30  MUz  since  chi  more  Important,  longer  ocean  wuvi s  have  lenghts 
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corresponding  to  the  radio  wavelengths  in  this  region.  At  HF,  devices  with  such  a  range  of  operation  are 
not  impractical;  ionosounders  presently  provide  a  continuous  sweep  over  nearly  a  decade  in  frequency. 
Probing  the  ocean  with  different  frequencies  will  provide  information  about  the  lower-end  cutoff  of  the 
spectrum,  indicating  whether  or  not  longer  ocean  waves  are  present. 

The  Doppler  shift  in  frequency  from  the  carrier  is  contained  in  the  scattered  signal  spectrum. 
By  observing  this  spectrum  for  a  given  transmitted  frequency,  one  can  obtain  information  about  the 
directional  nature  of  W(p,q).  The  use  of  short-pulse  signals  and  time  delay  at  the  receiver  defines  an 
area  over  which  the  integration  of  (38)  (as  shown  in  Equation  (42a))  takes  place,  and  the  impulse 
functions  uniquely  relate  the  angles  and  arguments  of  W(p,q)  to  the  Doppler-frequency  shift  of  the 
received  signal  from  the  carrier. 

Finally,  the  use  of  a  stationary  transmitter  and  moving  receiver,  such  as  an  aircraft  or 
satellite,  provides  another  means  of  varying  8S,  <p  ,  and  the  Doppler  shift  to  various  parts  of  the 
illuminated  area.  Several  such  schemes  can  be  analyzed  by  the  use  of  Equations  (38)  and  (42)  along  with 
th-i  geometries  involved  in  the  particular  bistatic  arrangement.  Two  different  biscatic  arrangements  will 
be  considered  and  discussed  here. 


At  microwave  frequencies,  backscatter  radars  tend  to  be  more  practical  than  bistatic  systems. 

At  HF,  however,  the  Implementation  of  a  simple,  stationary,  backscatter  radar  to  measure  W(p,q)  is 
difficult.  Unless  one  has  a  narrow  antenna  beanwidth  so  as  to  illuminate  a  small  angular  patch  of  sea, 
one  obtains  no  directionality  information  about  the  sea.  Narrow  antenna  beamwidths  at  these  frequencies, 
require  antenna  arrays  up  to  a  mile  long.  Such  antennas  must  be  land-based  and  are  thus  useful  only  for 
measurement  of  offshore  waves  approaching  the  beach.  Size  precludes  their  use  in  raidocean  applications. 

The  requirement  for  operation  over  decade  frequency  ranges  compounds  the  complexity  and  already  consider¬ 
able  expense  Involved  in  electronic  beam  scanning  with  such  a  phased  array.  Hence,  schemes  Involving  short, 
single-wire  antennas  with  (nearly)  omnidirectional  radiation  patterns  are  much  more  practical  at  HF, 
reconmending  the  use  of  bistatic  configurations  to  obtain  directional  information. * 

4.2  A  Bistatic  Surface-Surface  Configuration. 


We  shall  examine  here  a  bistatic  radar  configuration  as  shown  in  Figure  14.  The  transmitting 
and  receiving  antennas  we  take  to  be  half-wave  vertical  whips,  located  a  distance  d  apart  on  (nearly) 
stationary  surface  platforms.  In  practice,  these  may  be  ships,  buoys,  islands,  shore  stations,  or 
combinations  of  these.  The  spacing,  d,  should  be  less  than  200-300  km;  otherwise  the  sea  surface  may 
vary  considerably  statistically  between  these  points. 


We  also  assume  that  the  radar  employs  a  short-pulse  signal  of  duration  t  (or  an  equivalent 
time-coded  signal).  Defining  td  ■  d/c  as  the  time  delay  for  reception  of  the  direct  transmitter  pulse, 
signals  arriving  at  later  times  represent  sea  scatter  originating  from  confocal  elliptical  annuli,  as 
shown  shaded  in  Figure  14.  The  foci  of  the  ellipses  are  the  tranomitter  and  receiver  points  separated 
by  d.  Thus  by  observing  the  received  signal  spectrum  for  a  given  time  delay,  one  can  separate  the 
scatter  arising  from  different  portions  of  the  elliptical  ring.  This  scatter  originates  from  ocean 
waves  of  the  proper  Bragg  length  whose  crestlines  are  tangent  to  the  ellipse.  ro»i:'”e  Doppler  shifts 
originate  from  waves  moving  across  the  elliptical  ring  toward  the  baseline,  while  negative  shifts  are 
due  to  motion  away  f*-om  the  baseline.  The  greatest  COppler  shifts  are  due  to  the  shorter  waves  at  the 
ends  of  the  ellipse  moving  along  the  baseline,  while  the  shortest  shifts  are  due  to  waves  crossing  the 
ellipse  at  the  midpoint,  with  motions  perpendicular  to  the  baseline. 


,128) 


have  examined  the  arguments  of  W(p,q)  in  (38)  (with  6  «  n/2  for 
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surface-surface  propagation).  They  have  numerically  generated  lines  showing  the  transformation  between 
the  time-delay  and  Doppler  observables  and  the  p,q  ocean-wave  spatinl  wavenumbers.  To  show  this  trans¬ 
formation,  let  us  normalize  the  observed  Doppler  frequency  to  that  for  occan-wave  backscatter,  i.e., 
f„  “  w^ere  ”  ^2tt  <^35  is  ttle  DoPPler  shift  for  backscatter.  Since  the  observed  Doppler 

snift  Is  greatest  for  backscatter,  0  1  f  1  1,  Nierenberg  and  Munk(28)  then  define  a  quantity  K  equal 
to  f^;  it  is  exactly  equal  to  the  magnitude  of  the  spatial  wavenumber  of  the  ocean  waves  producing  the 
Bragg  scatter  at  a  given  point  on  the  ellipse  divided  by  2k0.  Hence,  0  s  K  s  1,  with  K  »  1  occurring  for 
backscatter  (i.e,,  cps  -  tt).  The  other  radar  observable,  time  delay,  is  also  normalized,  dividing  by  the 
direct  baseline  time  delay,  i.e.,  S  «  t/t..  Then  1  $  S  <  ",  We  also  normalize  the  ocean  spatial 
wavenumbers  by  dividing  by  2ko,  i.e.,  U  »  p/2ko,  V  *■  q/2k0.  Then  the  transformation  of  interest  relates 
K  or  f„  (Doppler  shift)  and  S(tlme  delay)  for  a  point  on  the  elliptical  annulu?  to  the  ocean  wavenumbers 
U  and  V  responsible  for  scatter.  Since  0  s  |U|,  |V|  £  1,  we  would  like  to  be  able  to  determine  the  ocean 
wave-height  spectrum  for  all  U,  V  in  this  range  by  observing  K  and  S.  Figures  15  and  16  show  this  trans¬ 
formation.  As  can  be  seen,  there  are  no  ocean  wavenumbers  that  cannot  be  determined  from  some  combination 
of  time  delay  and  Doppler  shift.  The  normalized  ocean  wavenumbers,  U  and  V  can  correspond  to  any  actual 
wavenumbers,  p  and  q,  between  zero  and  infinity;  one  measures  the  shorter  wavenumbers  by  increasing  the 
transmitted  frequency. 


In  order  to  show  how  the  actual  received  signal  spectrum  might  look  using  this  system,  we 
employ  the  Phillips  isotropic  ocean-wave  mode;  we  assume  that  all  ocean  waves  which  can  scatter  the  radio 
waves  are  fully  arousedt,  Wc  employ  Equation  (44a)  along  with  (40),  (with  f  ■  f  »  1/2)  integrating  over 
an  elliptical  annulus.  The  radar  parameters  selected  are  the  following.  Tne  antennas  are  vertical  ground- 
fed  quarter-wave  whips  with  equivalent  free-space  gains  of  0.82.  They  are  located  100  km  apart.  Two 
frequencies  are  considered:  5  and  10  MHz.  The  signal  pulse  length  is  taken  as  -  »  12.5  us,  and  we  con¬ 
sider  the  elliptical  annulus  representing  a  delay  t,  +  r,  i.e,,  one  pulse  length  after  the  arrival  of  the 
direct  pulse. 


*An  exception  will  he  discussed  in  Section  4.3,  in  which  a  single-element  omnidirectional  antenna  can  be 
used  on  a  moving  ship  to  obtain  directional  information  about  the  ocean  waves. 

ftlonce,  we  obtain  an  upper  limit  on  scattered  power  in  this  manner. 
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For  this  configuration  the  Integration  is  best  performed  in  elliptical  coordinates,  where  ds  ■ 
R^iLdgdS,  fL.  *  d/2  (coshu  +  cos  8),  R_  ■  d/2  (coshu  -  cos  8).  Then  integration  over  the  annulus  represents 
an  Integra t ion  over  8  between  0  and  2n,  where  u  ■  0.274,  du  »  0.1352  for  the  pulse  length  and  time  delay 
chosen.  The  integration  can  be  performed  exactly  because  of  the  impulse  functions,  and  we  obtain: 


u^yw)  BGTGRkgd38inh8udu 


(45) 


where  f  is  the  backscatter  Doppler  shift  given  previously  and  f  is  the  Doppler  shift  from  waves  at 
the  side  of  the  ellipse;  it  is  f.  »  f  /tanhu,  The  free-space  gains  l  and  f  are  functions  of  ^ 
and  fL,  the  ranges  to  the  part  oTsthe  patch  scattering  the  frequency  f.  These  ranges  are  given  in  terms 
of  f  as 


*  f C09h  “ x  b  -  J1  •  (r^r)*] and  rr  =  f C03h  “  [l  +  •/ 1_  (r^V/ J 

The  basic  transmission  losses  may  then  be  determined  from  the  results  of  Section  2. 

The  received  spectrum  defined  is  (43)  in  nonzero  only  for  frequencies  in  the  range  f .  s  |f  * 
f°  |  £  f  .  Plots  of  this  dimensionless  quantity  at  5  and  10  MHz  are  shown  in  Figures  17  and  18.  Shown 
also  there  are  the  ocean  wavelengths,  ocean-wave  directions  with  respect  to  the  baseline,  and  wind  speed 
required  to  excite  the  waves  responsible  for  scatter  at  the  indicated  Doppler  shift.  The  "ears"  near 
the  endpoints  are  due  to  scatter  from  the  "stationary"  regions  of  the  ellipse,  viz.,  the  sides  and  ends. 

The  heights  observed  for  these  "ears"  will  depend  upon  the  resolution  of  the  spectral  processor. 

In  practice,  the  received  signal  spectrum  will  be  lower  than  that  shown  in  Figures  17  and  18 
for  the  fully  developed  wind-wave  model.  The  dashed  curves  show  more  typical  shapes;  tne  signal  at  the 
lower  Doppler  frequencies  is  likely  to  be  weaker  because  these  longer  ocean  waves  are  likely  to  be  present 
less  of  the  time. 

The  total  sea-scattered  power  received  from  the  ellipse  is  approximately  1.5  X  10'11  By  at  5  MHz. 
This  should  be  compared  with  a  received  signal  power  direct  from  the  transmitter  of  about  3.2  X  i0’9  P.f. 
Hence  the  sea-scattered  signal  is  down  about  23  JB  from  the  direct  signal,  which  places  no  stringent 
demands  on  the  receiver  dynamic  range. 

4.3  A  Bistatic  Surface-to-Surfocc  Configuration. 

Here  we  consider  a  bistatic  radar  as  shown  in  Figure  19.  The  transmitter  is  a  quarter-wave 
vertical  whip  on  a  buoy  or  ship.  The  receiver  in  this  case  is  a  nonstationary  satellite,  and  short  pulses 
(or  equivalent  coded  signals)  arc  employed.  In  general,  ocean  areas  of  constant  time  delay  are  represented 
by  the  intersection  of  confocal  spheroids  with  the  ocean  surface.  The  foci  of  these  spheroids  are  the 
transmitter  and  receiver  points.  The  intersection  curves  are  nonconfocsl  ellipses.  So  as  not  to  be 
bogged  down  in  mathematical  details  of  noncor.focal  elliptical  strips,  let  us  specialize  here  to  the 
situation  when  the  satellite  is  directly  overhead,  for  then  these  strips  become  circular  annuli. 

The  principle  of  operation  with  this  configuration  is  different  from  that  of  the  preceding 
system,  in  that  here  we  exploit  the  motion  of  one  of  the  antennas  to  separate  the  scatter  from  different 
parts  on  the  circular  ring.  The  Doppler  shift  from  different  points  on  the  ring  varies  because  the 
range-rate  to  these  points  is  different.  Satellite  speeds  arc  sufticient  that  one  can  separate  Doppler 
shifts  due  to  satellite  motion  from  the  Doppler  shifts  due  to  water-wave  motion  (the  mechanism  used  in 
the  preceding  system). 


Let  us  assume  satellite  motion  along  the  x-direction  with  the  orbital  plane  coinciding  with  the 
x-z  plane.  Again,  we  employ  frequencies  of  5  to  10  MHz,  The  antenna  on  the  satellite  is  assumed  to  have 
a  free-space  gain,  C„,  of  a  half-wave  dipole,  l.c.,  1.64.  The  gain  of  the  quarter-wave  transmitting  antenna 
is,  as  before,  0.82.  We  assume  that  the  satellite  is  at  altitude  RR  “■  300  km  and  moving  with  velocity 
8000  m/s.  We  select  a  pulse  length  r  =  10  ps,  yielding  a  clutter  ring  width  of  dRj,  >=  3  km.  Let  us 
also  pick  a  time  delay  t  -  t  “  50  us,  corresponding  to  Rf  =  15  km  (cj  Is  the  time  delay  of  the  direct 
signal  from  the  transmitter  to  the  satellite).  We  also  select  the  Phillips  isotropic  wind-wave  spectrum 
as  an  example;  It  represents  the  most  intense  sea-scatter  situation.  Employing  Equations  (42a)  and  (40) 
and  employing  the  pertinent  bistatlc  angles,  8^  »  0,  cs  =0,  we  have  the  following  for  the  received 
signal  spectrum: 


BC¥V!dRr 


(46) 


Ip  obtaining  the  above  from  (40),  It  is  assumed  f  »  £  =  1/2.  Also,  f .  ,  the  maximum  Doppler  shift  due 

to  setcllite  motion  (f^^  f0(RT/R„)v/c)  Is  considerably  larger  than  fjj,?  the  Doppler  shift  due  to  wave 

motion  described  in  theraprcccding  Section,  At  5  Mllz.  this  shift  fjln  is  6.67  Hz  in  contrast  with  fjb  = 
0.228  Hz  for  the  ocear-wavc  Doppler.  The  above  equation  is  valid  for  the  range  £  f  -  fc  s  f^; 

outside  this  range,  the  first-order  spectrum  is  zero. 

Plots  of  this  dimensionless  quantity  are  shown  in  Figu-es  20  and  21  at  5  and  10  MHz.  Shown 
also  is  the  angular  direction  from  the  orbital  plane  to  the  point  on  the  ring  responsible  tor  scatter 
at  a  given  frequency.  The  ocean  waves  responsible  for  scatter  are  all  of  lengths  !,“•■"  60  meters  and 
30  meters  at  the  two  frequencies.  They  also  cross  the  ring  radially;  hence  the  angle  "  gives  us  the 
directional  wave-height  spectrum  at  the  wavenumbers  p  *  k0  cos  and  q  *  k0  s in  (5.  By  varying  the 
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frequency  (and  hence  ko)  and  observing  the  signal  spectrum  (and  hence  tp),  we  can  obtain  the  complete 
directional  spectrum  of  the  surface. 

In  the  system  of  the  last  section,  ocean  waves  of  many  lengths  were  observed  at  a  given  frequency; 
here,  a  given  frequency  permits  observation  nf  waves  of  only  one  wavelength--ihu  radar  wavelength. 

The  total  received  sea-scattered  power  for  this  configuration  is  P  2.5  x  10"1J  PT  at  5  MHz. 

This  compares  to  the  received  signal  direct  from  the  buoy,  which  is  considerably  less  than  10*®  p  , 
typically  of  the  order  10"11  P  .  This  reduced  direct  power  occurs  because  the  satellite  overhead  is  in 
the  null  of  the  pattern  of  theTvertical  whip  transmitting  antenna;  theoretically  the  direct  component 
should  drop  to  zero,  but  practically,  a  drop  of  20  dB  from  the  main  antenna  lobe  might  be  expected.  The 
lower  the  direct  signal  compared  with  the  sea-scattered  signal,  the  better,  for  the  dynamic  range  and 
interference  problems  will  be  reduced. 

A  problem  which  must  be  recognized  in  connection  with  this  system  at  lower  HF  frequencies  is 
the  presence  of  the  ionosphere.  It  may  be  only  at  nighttime  that  frequencies  os  low  as  5  MHz  can 
penetrate  the  ionosphere.  The  favored  region  for  satellite  reception  will  occur  when  it  is  close  to  the 
overhead  position,  since  this  region  offers  the  best  chances  for  penetration  and  lowest  attenuation 
by  the  ionosphere. 

Several  alternates  to  the  satellite  receiver  could  operate  on  the  same  moving  Dappler  principle. 

A  lower,  slower  flying  aircraft  receiver  could  accomplish  the  some  cask  as  the  satellite.  A  second 
alternative  would  have  the  transmitter  and  receiver  mounted  on  the  same  ship;  the  ship's  Doppler  would 
be  used  to  resolve  the  „ea  scatter  directionally.  However,  the  ship's  velocity  will  lie  in  the  same 
range  as  the  speeds  of  the  ocean  waves  responsible  for  scatter,  and  both  must  be  taken  into  account  1.. 
tho  equations. 

The  buoy/transmit,  satelllce/rocelvc  configuration  suggested  could  also  be  used  reciprocally. 
However,  larger  transmitter  powers  should  be  available  from  a  buoy.  In  addition,  the  possibility  of  the 
satellite  selecting  and  interrogating  a  buoy,  recording  the  signal,  and  then  transmitting  it  to  earth  for 
processing  at  a  mere  convenient  point  in  the  orbit  indicates  that  the  arrangement  here  is  more  desirable 
than  its  reciprocal  configuration. 

5.  SUMMARY  AND  CONCLUSIONS. 

The  longer  ocean  waves  (l.e.,  20-200  meters)  interact  significantly  and  predictably  with  radio 
waves  in  the  HF/VHF  region.  The  scattering  mechanism  deduced  theoretically  and  confirmed  experimentally 
is  the  Bragg  effect.  The  theoretical  basis  for  this  effect  is  developed  and  reviewed  here.  The  problem 
is  analyzed  using  the  boundary  perturbation  approach  of  Rice  !2)  along  with  a  Leontovlch  boundary 
condition  at  the  surface.  This  approach  is  valid  as  long  as  the  ocean  wave-height  is  small  in  terms  the 
radio  wavelength  and  the  surface  slopes  of  the  longer  ocean  waves  are  small.  Both  of  these  conditions  are 
met  by  ocean  waves  in  the  HF  and  lower-VHF  regions.  In  addition,  the  restrictions  required  for  the 
application  of  the  Lcontovich  boundary  condition  are  easily  satisfied  by  ocean  water  at  these  frequencies. 

As  long  as  the  technique  is  not  pushed  beyond  its  Intended  UmiC3,  the  results  and  interpretation 
obtained  therefrom  will  be  valid. 

Using  the  perturbation  technique,  we  derive  an  expression  for  the  effective  surface  impedance  of 
a  slightly  rough  planar  surface.  It  consists  of  two  parts;  the  impedance  of  the  surface  when  it  is 
perfectly  smooth,  along  with  a  second  term  due  to  the  presence  of  roughness.  We  apply  it  to  the  sea  using 
the  Phillips  isotropic  ocean-wave  spectrum  for  a  model.  Calculations  shew  that  at  5-20  MHz,  the  change 
in  impedance  due  to  roughness  can  be  as  much  as  100%  of  Its  unperturbed  value  for  a  smooth  ocean-water 
surface.  These  effective  surface  impedances  are  then  used  in  a  standard  ground-wave  program  to  determine 
curves  of  added  transmission  loss  due  to  sea  state.  The  curves  show  that  below  about  2  MHz,  ocean  roughness 
car.  be  neglected,  but  at  15  MHz,  the  Increase  in  one-way  loss  can  be  as  much  as  15  dB  at  100  nmi. 

Scatter  of  HF/VHF  waves  from  the  sea  is  also  analyzed  using  the  perturbation  approach.  The 
random  ocean  surface  Is  considered  a  function  of  time  as  well  as  space,  and  expressions  are  derived  for 
the  blstatlc  scattered  signal  intensity  and  spectrum.  They  are  valid  in  the  region  near  grazing  (as  well 
as  at  higher  angles)  for  vertically  polarized  waves.  To  a  first  order,  water  waves  of  a  given  length 
travel  at  a  given  speed;  when  this  restriction  is  used  in  the  ocean  wave-height  spectrum,  the  scattered 
signal  from  a  patch  of  sea  is  shown  to  consist  of  two  impulse  functions,  equidistant  from  the  carrier  In 
the  frequency  domain.  These  impulses  represent  ocean-wave  trains  of  the  required  Bragg  length  moving  at 
the  corresponding  discrete  velocity  toward  and  away  from  the  radar.  These  impulse  functions  have  been 
observed  over  15  years  ago  in  HF  backscatter  data  from  the  sea.  Furthermore,  the  use  of  the  Phillips 
isotropic  ocean-wave  spectrum  gives  an  upper  limit  at  o°  (backscatter  cross  section  per  unit  area)  of 
-23  dB,  a  value  in  agreement  with  several  measurements. 

The  possible  use  of  blstatlc  radar  configurations  for  study  of  sea  surface  is  explored.  Two 
techniques  are  briefly  analyzed:  one  employing  a  stationary  surface  transmitter  and  receiver  and  the 
other  using  a  stationary  surface  transmitter  and  orbiting  receiver.  In  the  first  case,  the  observables 
arc  the  processed  signal  spectrum  and  the  time  delay  at  which  it  Is  computed;  these  are  then  related  simply 
to  the  spatial  wavenumbers  of  Che  directional  ocean  wave-height  spectrum.  In  the  second  system,  the 
receiver  motion  permits  directional  resolution  of  the  ocean  waves,  and  frequency  variation  provides  the 
magnitude  of  the  ocean  wavenumbers.  Many  variations  of  these  systems  are  possible,  employing  ships, 
aircraft,  buoys,  shore  stations,  and  satellites.  Power  requirements  and  antenna  sizes  are  not  design 
limitations  for  the  bi3tatlc  configurations  discussed,  and  the  processing  requirements  for  the  received 
signal  ore  within  the  state  of  the  art.  HF/VHF  radars  appear  to  be  one  of  the  most  promising  systems  both 
for  monitoring  the  sea  state  and  for  detailed  study  of  the  nature  of  ocean  waves. 
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Figure  l,  Guided  Wave  Above  a  Planar  Impedance  Boundary. 
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Figure  3,  Effect  of  Verioue  Regions  of  Spatial  Roughneaa  Spectrum  on  Effective  Surface  Impedance. 
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Figure  4. 
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Effective  Surface  Impedance,  A,  vs  Wind  Speed  and  Frequency.  Phillips  Isotropic  Wave  Spectrum, 
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Figure  9.  Basic  Transmission  Loss  to  Points  at  Various  Heights  and  Banges  Above  the  Ocean  at  3  MHz.  First 
Number  is  for  Perfectly  Smooth  Sea,  Second  is  for  Sea  State  5  (25  knot  wind)  Using  Phillips 
Ocean-Wave  Spectrum. 
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Figure  10.  Basic  Transmission  Loss  to  Points  at  Various  Heights  and  Ranges  Above  the  Ocean  at  10  MHz;.  First 
Number  la  for  Perfectly  Smooth  Sea,  Second  is  for  Sea  State  5  (25  knot  wind)  Using  Phillips 
Ocean-Wave  Spectrum. 
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Figure  12.  Far-Zone  Scatter  Geometry. 
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Figure  13.  Geometry  for  Compensation  Theorem. 
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Figure  14,  Blscaric  Surface-to-Surface  Radar. 
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Figure  17.  Received  Signal  Spectrum  at  5  MHz  for  Sea  Scatter  Configuration  of  Figure  14.  Solid  Lines  Were 
Computed  for  Fully  Aroused  Riillips  Isotropic  Ocean-Wave  Spectrum.  Dashed  Curves  Represent 
Expected  Measurements  from  Non-Iaotropic  Sea. 


Figure  18.  Received  Sigacl  Spectrum  at  10  MHz  for  Sea  Scatter  Configuration  of  Figure  ’4.  Solid  Lines  Were 
Computed  for  Fully  Aroused  Phillips  Isotropic  Ocean-Wave  Spectrum.  Dashed  Curves  Represent 
Expected  Measurements  from  Non-Isotropic  Sea. 


19 


DOPPLER  SPECTRA  IN  MICROWAVE  SCATTERING  FROM  WIND  WAVES 

by 

J.W.  Wright  &  W.C.  Keller 

Naval  Research  Laboratory 
Washington,  D.C,  20390 


i 


19-1 


DOPPLER  SPECTRA  IN  MICROWAVE  SCATTERING  FROM  WIND  WAVES 

J.W.  Wright  f.  W.C.  Keller 
Naval  Research  Laboratory 
Washington,  D.C.  20390 

SUMMARY 

Doppler  spectra  in  microwave  backscattering  from  wind  waves  have  been  measured  at  X  band  (3.2 
cm)  and  K  band  (1.25  cm)  in  a  short  fetch  laboratory  wind  wave  tank.  The  scattering  can  be  accounted 
for  as  low  order  Bragg  scattering  and  the  spectral  bandwidth  is  proportional  to  Bragg  wavenumber  and 
to  windspeed. 

1.  INTRODUCTION. 

It  is  now  fifteen  years  since  observation  of  doppler  spectra  (i.e.,  backscattered  power  spectral 
density)  of  sea  echo  ft  13  MHz  led  Crombie1  to  identify  Bragg  scattering  as  a  primary  mechanism  in 
radar  scattering  by  wind  generated  waves.  The  essential  correctness  of  this  insight  is  shown  by  the 
fact  that  the  Bragg  scattering  mechanism  is  incorporated  in  recent  successful  calculations  of  the 
mean  scattering  cross  sections  of  the  sea.  Subsequent  measurements  of  doppler  spectra  at  sea  at 
higher  radar  frecniencies  have  been,  comparably,  rather  less  perspicuous  to  the  scattering  problem. 

We  have  learned3 ’* ’*  that  doppler  bandwidths  may  be  correlated  with  estimates  of  orbital  velocities 
of  the  wave  system  and  Pidgeon6  reports  that  the  mean  doppler  shift  itself  is  so  correlated.  However, 
successful  measurements  of  doppler  spectra  at  sea  have,  for  practical  reasons,  been  limited  to  low 
grazing  angles.  Furthermore,  accurate  measurements  of  surface  velocities  are  difficult  to  obtain 
at  sea.  We  have  attempted  to  avoid  these  limitations  by  taking  recourse  to  the  laboratory  and  have 
obtained  doppler  spectra  on  vertical  polarization  at  X  band  (3.2  cm)  and  K  band  (1.25  cm)  for  de¬ 
pression  angles  between  15°  and  80”  and  windspeeds  between  A  and  15  knots,  in  the  short  fetch  tank 
and  scattering  range  described  in  Section  2. 

Although  there  are  many  similarities  between  waves  in  a  tank  and  those  at  sea6,  the  experimental 
situation  in  the  tank  differs  irom  that  at  sea  in  at  least  three  important  respects  which  are 
particularly  relevant  to  our  measurements.  First,  due  to  the  short  range  and  small  water  wave 
amplitude,  the  nature  of  the  illumination  pattern,  including  the  Fresnel  zone  structure,  is  much  more 
important  than  is  normally  the  case  at  sea.  This  requires  an  examination  of  the  convolution  which 
is  the  mathematical  representation  of  our  measurement.  This  is  done  in  Section  A.  Second,  in  the 
short  fetch  tank  the  mean  surface  drift  is  large  compared  to  the  RMS  orbital  velocity  which  is 
qualitatively  the  reverse  of  the  situation  at  sea.  This  conspicuous  difference  is  delineated  by  the 
measurements  of  mean  drift  and  RMS  particle  velocities  by  stroboscopic  photography  which  are  reported 
in  Section  3.  Finally,  the  value  of  the  mean  squared  height  spectrum  is  significantly  greater  at 
short  fetches  than  at  sea8.  We  have  measured  the  directional  mean  squared  slope  spectra  by  an  optical 
Fourier  transform  technique  and  some  results  of  these  measurements  are  also  given  in  Section  3. 

The  main  conclusion  to  be  drawn  from  the  results  presented  in  Sections  3  and  5  is  that  the 

doppler  bandwidth  is  proportional  to  the  windspeed  and  to  Bragg  wavenumber,  2  kQ  cos  0  (kQ  the  micro- 

wave  propagation  number,  6  the  depression  angle)  while  its  value  near  grazing  correlates  well  with 
the  orbital  velocity  as  is  the  case  at  sea.  This  observed  dependence  on  depression  angle  canr.ot  be 
explained  by  the  customary  assumption  that  the  scatterers  are  moving  in  circular  trajectories  as  this 
latter  assumption  yields  a  doppler  bandwidth  nearly  independent  of  depression  angle.  In  Section  6  it 

is  suggested  that  a  more  appropriate  interpretation  may  be  that  the  doppler  bandwidth  is  an  inverse 

scatterer  lifetime. 

2.  WIND  WAVE  TANK,  DOPPLER  SPECTROMETER,  AND  SCATTERING  RANGE 

The  wind  wave  tank,  of  plywood  and  fiberglass  construction  and  shown  schematically  in  Figure  1, 
is  installed  in  an  ordinary  sized,  air-conditioned  laboratory  room  and  is  16  feet  long  and  30  inches 
wide.  An  overflow  baffle  at  the  downwind  end  and  the  inletting  of  a  trickle  of  water  maintains  the 
depth  at  11  Inches  and  permits  contaminant  surface  films  to  be  driven  off  by  the  wind.  The  wind  is 
produced  by  a  centrifugal  fan  blowing  through  a  wind  tunnel  6  feet  long,  the  underside  of  the  top  of 
which,  covered  with  a  microwave  absorbent  material,  is  five  Inches  above  the  static  water  level.  A 
grill,  constructed  of  rectangular  tubes  of  resistive  paper  (surface  resistance  ~  377  ohms)  one  inch 
by  1/2  Inch  in  cross  section  and  3  inches  long,  fills  the  inlet  to  the  wind  tunnel.  This  serves  the 
dual  purpose  of  increasing  the  homogeneity  of  the  air  flow  and  absorbing  any  microwave  energy  reaching 
the  end  of  the  tunnel.  The  windspeed  is  varied  by  inserting  a  shutter  across  the  outlet  of  the  blower. 
The  maximum  windspeed  is  7.9  m/sec. 

The  area  illuminated  by  the  horn  antennas  is  centered  midway  in  the  .hannel  and  four  feet  downwind 
from  the  end  of  the  tunnel.  The  windspeed  at  this  position  and  two  inches  above  the  static  water 
level,  which  is  approximately  the  position  of  the  maximum  in  the  vertical  wind  profile,  is  measured 
with  an  Alnor  velometer,  denoted  by  the  symbol,  U,  and  given  as  the  measure  of  the  wlndfield.  However, 
the  expansion  of  the  alrstream  upon  leaving  the  tunnel  results  in  a  gradient  in  the  windspeed  which  is 
very  nearly  constant  along  the  tank.  The  windspeed,  U,  and  the  gradient  measured  a.  the  same 
position  are  given  in  TABLE  I. 
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TABLE  I 

GRADIENT  IN  THE  WINDSPEED  AT  VARIOUS  WINDSPEEDS 


WINDSPEED 

GRADIENT  OF  WINDSPEED 

GRADIENT  IN 

SURFACE  DRIFT 

U (m/sec) 

I  fm'h 

U  to  (m  > 

1 

*d 

dva 

dx 

(m'1) 

2.25 

0.50 

.57 

3.5 

0.38 

.64 

4.8 

0.40 

.39 

6.0 

0.38 

.47 

7.9 

0.36 

The  microwave  and  audio  frequency  circuitry  is  similar  at  both  microwave  frequencies.  The 
principles  and  operation  of  the  circuitry  are  discussed  elsewhere7  for  the  ca  'e  of  measurements  on 
mechanically  generated  waves.  The  principal  modification  for  measurements  on  wind  generated  waves  is 
the  introduction  of  an  integrator  after  the  audio  frequency  filter.  The  Integration  time  used  Is  15 
seconds  which  is  long  compared  to  the  period  of  any  wind  generated  wave  in  the  tank  and  about  three 
times  the  period  of  the  fundamental  seiche.  The  equivalent  statistical  bandwidth  of  the  filter  Is 
2,2  Hz  so  that  the  normalized  standard  error  In  the  measured  power  spectral  density  as  given  by 
Bendat  and  Piersall8  is  0.2.  Sc'.n  rates  between  2  Hz/mln  and  8  liz/mln  were  utilized. 

The  antennas  are  long  tapered  horns  and  are  mounted  on  a  circular  arch  such  that  the  range  is 
140  cm  at  X  band  and  150  cm  at  K  band.  A  dimensionless  backscattering  cross  section  o°  and  an 
effective  Illuminated  area  A^  are  defined  in  the  following  way.  Let  E^(x,y),  H^x.y)  be  the  complex 

amplitudes  (time  factor  e^wC  omitted)  of  the  electromagnetic  fields  Incident  on  the  undisturbed  water 
surface  in  the  plane  of  which  are  situated  the  cartesian  coordinates  x,  y,  z  (Figure  1)  with  origin 
at  the  center  of  illumination  and  let  E.°  »  E^(0,0)  and  H^°  «  H^O.O).  Then: 


^  E^x.yjH^x.y) 


dx  dy 


(1) 


We  assume  that  the  product  E^  vanishes  slowly  but  inexorably  at  large  distances  so  that  the  limits 
of  this  and  subsequent  Integrals  over  the  x,y  plane  say  be  considered  to  be  unbounded.  Then  we  define: 


o°  —  o/At 


(2) 


where  the  cross  section  o  is  obtained  by  comparing  the  backscattered  power  due  to  the  wind  waves  with 
that  from  a  target  of  known  cross  section.  The  measured  values  of  A^,  at  normal  incidence  are  200  cma 

and  360  cm3  at  X  band  and  K  band  respectively.  It  was  found  that,  for  all  practical  purposes,  the 
value  of  Aj;  at  other  angles  could  be  obtained  from  those  values  by  division  by  sin  9. 

3.  AUXILIARY  MEASUREMENTS 

Two  type3  of  auxiliary  measurements  were  made  to  aid  in  the  interpretation  of  the  doppler 
spectra.  First,  Che  directional  slope  spectra  of  the  waves  were  obtained  by  a  photometric  technique 
combining  the  methods  of  Cox9  and  Stilwell10.  These  results  will  be  described  in  detail  elsewhere 
but  for  ready  reference,  the  upwlnd/dcwnwlnd  slope  spectra  as  a  function  of  upwind/downwind  wave 
number  for  various  wlndspeeds  obtained  from  those  measurements  are  given  in  Figure  2.  Second,  we 
used  stroboscopic  photography  to  obtain  the  mean  and  mean  squared  vertical  and  horizontal  velocities 
of  small  paraffin  and  polyethylene  floats  as  well  as  measuring  the  mean  drift  following  the  methods 
of  Keuieganxl  and  Wula.  Figure  3  gives  the  mean  upwind/downwind  drift  velocity  of  a  series  of  1/2 
inch  diameter  paraffin  disks  as  a  function  of  windspeed  and  thickness  of  disk.  The  abscissa,  labeled 
depth  of  submergence,  is  the  calculated  centroid  of  the  submerged  portion  of  the  disk.  The  two  points 
plotted  at  very  small  depth  of  submergence  at  wlndspeeds  of  2,25  m/s  and  7.9  m/s  were  obtained  with 
1/4  inch  squares  of  2  mil  polyethylene  sheet.  These  measurements  are  clearly  in  excellent  agreement 
with  the  value  of  surface  velocity  found  by  extrapolation  of  the  paraffin  disk  velocities.  We  alao 
made  mean  drift  measurements  st  thj  low  wlndspeeds  with  1/8",  1/4"  and  1/2"  diameter  paraffin  disks 
and  at  most  wlndspeeds  with  1/8",  3/16"  and  1/4"  diameter  polyethylene  spheres  and  found  no  signifi¬ 
cant  dependence  on  float  3hape  or  size  other  than  the  dependence  on  depth  of  submergence  like  that 
shown  in  Figure  3.  We  therefore  believe  that  the  mean  surface  drift  is  well  characterized  by  the 
values  and  linear  dependence  on  windspeed  exhibited  by  the  data  of  Figure  4.  The  same  cannot  be  said 
for  the  variances  of  the  horizontal  and  vertical  velocities  also  shown  in  Figure  4.  There  the  open 
squares  and  triangles  arc  the  square  roots  of  the  two  variances  obtained  from  photographs  taken  from 
the  side  of  the  tank  of  the  trajectories  of  1/8"  and  1/4"  diameter  polyethylene  spheres  under  stro¬ 
boscopic  lighting  at  a  repetition  rate  of  20  per  second.  Each  point  is  the  average  obtained  from 
3-10  tracks  each  30-60  cm  long.  Only  at  intermediate  wlndspeeds  were  the  measurements  made  with  both 
1/8"  and  1/4“  diameter  spheres  and  the  data  are  insufficient  to  expose  any  significant  dependence  on 
sphere  size.  However,  definitely  greater  values  were  obtained  from  stroboscopic  photographs  made 
locking  vertically  downward  of  trajectories  of  1/4"  diameter  by  ,073"  thick  paraffin  disks.  At 
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least  some  of  the  difference  between  horizontal  and  vertical  velocities  Is  explained  by  the  upwind/ 
downwind  gradient  in  the  mean  drift  for,  under  suitably  simplifying  assumptions,  the  total  variance 
in  horizontal  velocity, 


velocity, 


is  the  sum  of 

in  the  absence 


s  term  due  to  the 


of  the  gradient: 


Mil  +  aV* 

12  A  h 


(constant)  gradient  and  the  variance  in  horizontal 


(3) 


where  aV  is  the  change  in  mean  drift  o\ar  the  track.  We  were  able  to  estimate  the  gradient  in  the  mean 
drift  at  wlndspeeds  of  6  m/sec  and  less  by  averaging  slopes  obtained  from  least  mean  squares  linear 
fits  to  the  velocity  vs  time  trajectories,  and  these  estimates  are  given  in  TABLE  I.  Though  larger 
than  the  corresponding  gradients  in  the  wlndspeed  the  measured  gradients  in  the  mean  drift  are  too 
small  to  explain  the  observed  differences  in  horizontal  and  vertical  velocities.  We  surmise  that 
when  the  mean  drift  is  larger  than  the  orbital  velocity  and  the  horizontal  and  vertical  gradients  in 
the  mean  drift  appreciable,  the  interpretation  of  the  RMS  horizontal  float  velocity  is  uncertain 
and  it  is  better  to  characterize  the  orbital  velocity  of  the  wind  wave  system  by  the  variance  in 
vertical  float  velocity. 

4.  THEORY  OF  THE  SCATTERING  MEASUREMENT 


The  results  to  be  reported  here  were  all  obtained  on  vertical  polarization  and,  owing  to  this 
and  the  short  fetch,  the  effects  of  large  scale  roughness  calculable  from  composite  surface 
theory*  *7’13 ,16 ,lS  are  largely  outweighed  by  the  influence  of  the  Illumination  pattern.  Thus,  if 
one  calculates  the  backscattering  from  a  slightly  rough  surface  on  which  is  incident  an  approximately 
spherical  wave  one  finds  that  the  cross  section  is  proportional  to  the  convolution  of  the  mean  squared 
height  spectrum  with  the  Fourier  transform  of  the  illumination  pattern.  More  precisely,  it  can  be 
shown  that 
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where  g  is  the  function  of  depression  angle,  dielectric  constant  and  polarization  similarly  denoted 
and  defined  by  Wright13,  Y(K  ,K  )  is  the  mean  squared  height  spectrum  of  the  surface  displacements 
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To  proceed  further,  suppose  the  incident  fields  are  given  in  terms  of  the  fields  in  the  plane  of  the 
aperture  by  Silver's17  expression  specialized  to  the  case  of  narrow  beam  and  assuming  the  aperture  is 

a  plane  of  constant  phase.  In  that  case  V(K  ,K  )  can  be  obtained  In  the  following  way: 
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where  v(K  ,K  )  is  Itself  the  convolution  of  two  functions  F(K  )  and  W(K  ) 
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vnere  ys  *  2R  /K  ,  B“*  «  2R  /K  sin2  9,  u  (x',y')  is  the  amplitude  of  the  yield  in  the  plane  of  the 
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tpeiture  of  the  horn,  and  the  constant,  C,  may  be  obtained  from  the  condition 
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Since  u  (x’,y')  is  assumed  to  be  zero  outside  the  aperture  of  the 
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horn,  W(K  ,K  )  vanishes 
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if 


A, 


b^Y  sin  6 
x 


(12) 


vhere  and  Dg  are  the  linear  dimensions  of  the  aperture  ir  the  H  and  E  planes  respectively.  Since 

F(K  -K  )  and  W(K  ,K  )  are  (except  for  a  multiplicative  factor)  functions  of  K  /sin  9,  V(K  ,K  )  at 
x  y  x  y  x  x  y 

one  depression  angle  may  be  obtained  fr;m  its  value  at  cny  other  angle  by  a  scale  change.  Furthermore, 
the  convolution  of  F(Kx>Ky)  and  W(K}>,Ky)  tends  to  small  /alues  only  for  such  large  values  of  its  argu¬ 
ment  that  W(K  ,K  )  spans  a  sufficient  number  of  zero  crossings  of  f(K  R  J.  Hence,  except  in  cases 
x  y  x  y 

of  severe  under-illumination  (antenna  beamvidth  small  compared  to  ^  'r)“® 


the  Fresnel  zone  structure  substantially  broadens  Che  convolv-.,g  function  V(K  ,K  )  in  the  expression 

x  y 

(equation  (a))  for  the  backscattering  cross  section  of  the  slightly  rough  surface. 

Values  of  V(Kx>0)  for  the  cases  of  70°  depression  angle  at  K  band  and  30°  depression  angle  at  X 

band,  calculated  from  equations  (8) -(10)  assuming  that  the  fields  in  the  aperture  of  the  horn  are 
uniform  in  the  E  plane,  are  shown  in  Figure  5  together  witn  the  measured  mean  squared  height  spectra 
at  maximum  and  minimum  windspeeds.  The  solid  portions  of  these  latter  curves  are  computed  from  the 
photometrically  measured  3pectra  of  Figure  2  and  the  dashed  portions,  which  are  really  only  estimates, 
are  inferred  from  the  orbital  velocity  measurements.  The  two  representations  of  V(Kx,0)  are  shown 

with  arbitrary  normalization,  i.e.,  there  is  no  significance  to  their  vertical  positions  on  the  graph. 
Important  features  of  V(Kx>0)  shown  in  Figure  5  csn  be  discerned  in  the  measure J  spectra,  some 

itemples  of  w’.ich  are  shown  in  Figure  6.  In  order  to  compare  these  measured  spectra  with  the  calcula¬ 
tions  given  above,  it  is  necessary  to  assume  the  existence  of  a  dispersion  relation,  u>(K),  or  for 
small  changes  /yu  and 
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wl.'re  for  water  waves  in  the  transition  region  between  capillary  and  gravity  waves  the  bracketed  ratio 
Is  near  unity.  Referring  then  to  Figure  6a,  a  measured  spectrum  for  K  band,  70°,  2,25  m/s,  we  note 

two  main  peaks.  The  peak  shifted  furthest  from  zero  frequency,  which  is  indicated  by  the  arrow  at 
the  top  ol  photo  and  the  vertical  slash  on  the  photo,  is  the  Bragg  resonant  peak  as  cct  be  inferred 
from  the  fact  that  it  is  shifted  by  the  same  amount  as  is  the  case,  X  band,  30°,  2.25  m/s  shown  in 
Figure  6c.  The  ether  major  peak  is  due  to  the  "sidelobe"  of  V(Kx,0)  shown  in  Figure  5  whereas  the 

minor  peak  on  the  opposite  side  of  zero  frequency  i^-  due  to  reflection  of  the  dominant  water  wave  by 
the  imperfect  oeach,  a  fwt  discerned  by  degrading  the  beacn  and  enhancing  this  minor  peak.  On  the 
other  hand,  the  subsidiary  peaks  in  Figure  oc  are  not  due  to  either  of  these  'auses.  Rather,  the  peak 
a1-  zero  frequency  is  largeiy  due  to  tne  residual  unbalance  of  the  microwave  bridge  whereas  the  two 
peaks  spaced  synroetrical ly  about  it  result  from  rescattering  by  stationary  objects  of  energy  Bragg 
scattered  slight ’y  above  and  below  the  specular  direction  by  the  dominant  water  wave.  The  "3ldelobesH 
of  V{Kx>0),  bein,  loi'er  and  nearer  the  main  lobe  ii.  this  case,  are  masked  by  the  broadening  of  the 

spectrum.  On  the  other  hand,  for  the  comparable  pair  of  spectra  showr  in  Figure  6b  and  6d,  it  is 
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found  that,  owing  to  the  greater  steepness  of  the  mean  squared  height  spectrum  in  the  region  near 
*  2.5,  the  Bragg  wavenumber  for  this  case,  the  "sldelobe"  dominates  at  K  band  and  lc  large 

enough  to  be  clearly  discernible  at  X  band. 

Increasing  windspeed  and  formation  of  larger  waves  destroys  the  influence  of  the  Fresnel  zone 
structure,  which  results  from  the  ph?3e  differences  between  the  spherical  wave  front  and  a  plane 
water  surface.  The  sidelobes,  which  are  entirely  dependent  on  the  Fresnel  zone  structure,  tend  to 
vanish  and,  as  illustrated  in  Figure  5  for  70°  K  band,  the  main  lobe  contracts  coward  the  inner  curve, 
which  is  entirely  due  to  the  amplitude  distribution  or  "gain  function"  of  the  horn.  In  this  case, 
the  region  over  which  the  scattering  measurement  tends  to  average  can  be  estimated  from  equation 
(12): 


CaK/2Kocos  6)horn  a  (De/4Ro)  tan  6  (14) 


At  che  same  time  the  tilting  of  che  Bragg  resonant  waves  by  the  larger  waves  causes  an  averaging, 
Wright13,  qualitatively  similar  to  that  expressed  by  the  convolution  integral,  equation  (4),  resulting 
in  a  relation  analogous  to  equation  (14): 


(^/2Kqcos  e)tilt  55  (ma)?  tan  6  (15) 


whore  (m3)^  is  the  RMS  upwind/downwind  3lopc  due  to  the  large  waves.  In  truth,  the  quantity, 

(m3)^  is  not  independently  determinate  because  in  composite  surface  scattering  theory, 
the  dichotomy  between  long  and  short  waves  must  be  made  ed  hoc.  Tls  total  mean  square  slope  in  our 

tank  is  not  greater  than  about  0.1  radian  and  (m2)^  can  be  only  a  fraction  of  that  value  so  that  the 
effects  expressed  by  equations  (14)  and  (15)  nay  be  comparable.  As  the  windspeed  increases,  however, 
the  spectral  broadening  due  to  other  causes  much  exceeds  that  due  to  these  two  effects  and  the  only 
discernible  vestige  of  these  effects  is  a  slight  asymmetry  in  the  spectra  as  seen  in  Figure  6e. 

5.  EXPERIMENTAL  RESULTS 

The  examples  of  measured  spectra  shown  in  Figure  6  were  chosen  not  to  be  "typical"  nor 
"exemplary"  but  gather  to  illustrate  perturbing  or  distorting  features.  Thus  in  analyzing  these 
spectra,  we  first  computed  a  mean  frequency  for  each  spectra  neglecting  portions  of  the  spectra  clearly 
identifiable  as  resulting  from  the  distortions  discussed  in  Section  4.  Then  we  computed  two  RMS 
bandwidths,  one  using  the  same  data  as  in  the  calculation  of  the  mean  frequency  shift  and  the  other, 
almost  invariably  slightly  smaller,  using  only  the  data  for  frequencies  greater  than  the  mean.  The 
average  of  these  two  uandwldths  for  both  the  K-band  and  X-band  measurements  for  five  different  wind- 
speeds  is  pi '.ted  vs  Bragg  wavenumber,  2Kqcos  9,  in  Figure  7.  In  cases  where  these  two  bandwidths 

differed  by  more  than  0.4  Hz,  the  extend  of  the  horizontal  line  through  the  point  indicates  this 
difference.  From  the  discussion  of  Section  4,  it  is  clear  that  the  bandwidths  tor  the  smallest  values 
o.:  2Kocos  0  and  the  lower  wlndspeeds  should  be  eliminated  since  the  convolving  function,  V(Kx,0) 

then  spans  the  peak  of  the  mean  squared  height  spectrum.  They  have  been  eliminated  from  Figure  7, 
though,  in  truth,  their  Inclusion  would  make  little  or  no  difference  in  the  overall  picture.  The 
straight  lines  through  the  data  points  in  Figure  7  result  from  a  least  mean  squares  fit  to  the  data 
so  that  (with  o)  »  2xf)  the  doppler  bandwidth  may  be  written: 


=  o>  +  2K  V  cos  6  (16) 

o  o  o 

Both  u>0  and  Vq  depend  on  windspeed  and  In  Figure  8,  it  is  seen  that  VQ  is  closely  proportional  to 
windspeed.  In  magnitude  VQ  is  almost  exactly  equal  to  the  square  root  of  the  variance  in  the  hori¬ 
zontal  surface  velocity  measured  with  l/4"  and  1/8"  diameter  spheres  which  may  be  coincidental  in  view 
of  the  apparent  dependence  of  the  latter  velocity  on  shape  and  size  of  float.  The  portion  of  u>Q 

due  to  the  filter  bandwidth  is  2n  x  1.4  Hz  and  the  remainder  may  be  due  to  the  "tilt"  discussed  lr. 
Section  4. 

Most  obvious  sources  of  doppler  broadening  yield  bandwidths  which  either  decrease  or,  as  in  the 
case  of  scatterers  borne  in  circular  trajectories,  are  constant  with  decreasing  depression  angle. 

One  exception  is  the  gradient  in  the  mean  drift  which  would  yield  a  bandwidth 
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whara  A,Vd  it  tha  increment  in  tha  mean  drift  over  the  illuminated  area  at  normal  Incidence  and  the 

proportionality  is  to  cot  9  because  the  total  increment  in  drift  increases  inversely  as  sin  6.  However, 
there  is  no  vestige  of  the  angular  dependence  of  equation  (17)  even  at  15°.  The  data  for  15°  are  not 
shown  in  Figure  7,  because  the  range  variation  in  the  illumination  pattern  does  introduce  some  dis¬ 
tortion  into  the  measured  spectra  at  this  low  angle,  but  the  measured  bandwldths  at  15°  are  very 
nearly  equal  to  those  at  30°,  Furthermore,  early  in  the  experimental  program,  we  measured  K-band 
spectra  with  a  thin  film  cover  continuing  the  wird  tunnel  downwind  of  the  illuminated  area,  thus 
eliminating  the  gradient  in  the  windspeed  and  drift.  These  measurements  were  made  at  a  shorter  fetch 
and  higher  windspeed  so  that  the  magnitude  of  the  bandwidth  is  not  directly  comparable  to  that  shown 
in  Figure  7,  The  bandwidth  is,  however,  very  clearly  proportional  to  cos  6,  differs  little  in  magni¬ 
tude  from  that  reported  for  a  windspeed  of  7.9  m/s  in  Figure  7.  In  view  of  the  size  of  the  estimate 
of  the  gradient  in  the  drift  given  in  TABLE  I  it  is  a  little  surprising  that  no  trace  of  its  influence 
on  the  bandwidth  can  be  discerned  and  it  may  be  that  these  estimates  are  in  fact  too  large. 

Figure  9  shows  a  phase  velocity  computed  from  the  measured  mean  frequency  for  wind  generated  and 
mechanically  generated  waves.  The  solid  and  open  points  refer,  respectively,  to  measurements  made  at 
two  different  periods  of  time  approximately  15  months  apart.  The  lower  curve,  A,  is  the  phase  velocity 
for  linearized,  lrrotational  water  waves,  and  it  is  seen  that,  if  this  curve  is  shifted  upwards  about 
6  cm/s  (curve  B)  rather  than  10  cm/s,  which  is  the  measured  surface  drift,  a  fair  fit  to  the  data  is 
obtained.  However,  it  seems  likely  that  these  wind  waves  should  be  considered  to  be  a  perturbation  of 
the  wind  induced  drift  rather  than  as  classical  lrrotational  waves.  Some  preliminary  calculations 
seem  to  show  that  the  measured  phase  velocities  at  the  low  windspeed  can  indeed  be  explained  on  this 
basis.  At  the  high  windspeed  the  situation  is  complicated  by  the  possibility  of  higher  order  Bragg 
scattering  which  would  lead  to  a  still  different  relationship18.  The  dashed  curve,  C,  is  such  a 
relationship  for  second  order  scattering  again  based  on  linear  lrrotational  wave  motion  and 
arbitrarily  shifted  upwards  25  cm/s.  The  determination  of  the  true  nature  of  these  wind  waves,  as 
well  as  the  possible  Influence  of  higher  order  Bragg  scattering,  clearly  requires  further  experi¬ 
mentation. 

The  mean  squared  height  spectra  at  minimum  and  maximum  windspeeds  multiplied  by  (2KQ  cos  8)*  to 
yield  a  dimensionless  form  and  calculated,  after  integration  of  the  doppler  spectra,  from  the  relation: 


o  .  16a  K4  gg*  Y(?K  cos  8,0)  (18) 

o  o  o 

are  shown  in  Figure  10,  together  with  the  photometrically  determined  spectra.  Actually,  we  have  made 
some  corrections  based  on  the  more  exact  relationship  (equation  (4))  but,  except  in  the  case  of  tha 
high  angle  K  band  points  at  the  minimum  windspeed,  these  corrections  were  1.3  dB  or  less.  The  signi¬ 
ficance  of  the  open  and  solid  data  points  is  the  same  as  in  Figure  9.  ft  is  evident  from  the  excellent 
reproduction  of  the  sharp  dip  in  the  spectrum  near  Kx  »  3.5  that  at  the  low  windsneed  the  cross 

section  is  very  satisfactorily  accounted  for  by  first  order  Br">.gg  scattering.  This  is  also  true  at  the 
lower  angles  at  the  maximum  windspeed  but  at  higher  angles,  despite  some  scatter,  there  appears  to  be 
a  significant  discrepancy  between  the  photometrically  and  electromagnetically  determined  spectra  again 
suggesting  the  possibility  of  higher  order  scattering.  Final  resolution  of  this  question  will  depend 
on  further  measurements, 

6.  DISCUSSION 

The  fact  that  the  magnitudes  of  the  doppler  bandwidth  and  the  orbital  velocity  are  very  similar 

at  sea  as  well  as  in  the  wave  tank  does  not,  of  course,  establish  a  causal  link  between  them.  It 

does,  however,  suggest  that  the  doppler  bandwidth  at  low  angles  scales  with  fetch  in  much  the  "'m  way 

as  does  the  orbital  velocity.  If  this  is  so,  then  the  question  whether  the  angular  dependence  >f 

doppler  bandwidth  observed  in  the  tank  will  also  be  observed  a',  sea  devolves  on  the  fetch  depe  < 

of  ui  in  equation  (16).  Unless  ol  increases  more  rapidly  with  increasing  fetch  than  the  orbil 
o  o 

velocity  (which  it  will  not,  e.g,,  if  it  depends  on  the  tilt  or  mean  squared  slope)  a  decrease  of 
doppler  bandwidth  on  approach  to  normal  incidence  will  also  be  observed  at  sea. 

Of  even  more  interest  perhaps  is  the  question  of  the  origin  of  the  doppler  bandwidth.  In  this 
respect,  it  is  suggestive  if,  neglecting  u>0,  we  divioe  both  sides  of  equation  (16)  by  the  angular 

frequency,  a>,  of  the  water  wave  of  wave  number  2  KQ  cos  9: 


tf"7*  *  Vo/Vphase(2Ko  cos  0)  (19) 

Thus,  the  relative  bandwidth  associated  with  a  water  wave  is  a  maximum  for  the  water  wave  with  minimum 
phase  velocity.  Now,  as  can  be  seen  in  Figure  2,  tho  water  wave  spectrum  has  a  partial  null  which  in 
fact,  occurs  in  the  region  of  minimum  phase  velocity.  The  origin  of  this  null  can  be  observed  in  „ 
simple  demonstration  in  which  >ne  slowly  sweeps  the  frequency  of  small  amplitude  mechanically  generated 
water  waves  through  the  region  of  minimum  phase  velocity.  With  proper  illumination,  one  then  observes 
that  in  the  region  of  minimum  phase  velocity  the  water  waves  are  unstable  and  tend  toward  the  produc¬ 
tion  of  harmonics.  This  phenomenon  has  been  discussed  thooreticall,  by  numerous  authors1® '30 .  Quali¬ 
tatively  It  may  be  understood  as  a  result  of  the  fact  that  whereas  the  phase  velocity  of  finite 
amplitude  gravity  waves  is  greater  than  that  for  infinitesimal  waves,  the  reverse  is  true  for  capillary 
waves.  At  all  events  the  null  In  the  spectrum  can  be  interpreted  to  be  the  result  of  an  instability 
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or  decreased  lifetime  for  water  waves  in  the  transition  region.  This  notion  can  be  retained  at  higher 
windspeeds  when  the  null  is  filled  in  because  in  that  case  there  are  sufficient  capillary  waves  which, 
slowing  as  they  grow  in  amplitude,  tend  to  feed  energy  back  into  the  transition  region.  Of  course, 
the  foregoing  considerations  do  not  prove  that  the  doppler  bandwidth  is  an  inverse  lifetime,  but  the 
applicability  of  equation  (16)  to  both  gravity  and  capillary  waves  seems  to  preclude  an  explanation 
based  solely  on  the  relative  motions  of  a  composite  surface.  In  the  absence  of  more  plausible  explana¬ 
tions  then,  this  hypothesis  seems  well  worth  pursuing.  Finally,  it  is  interesting  to  compare  the 
results  given  here  for  wind  waves  with  the  measurements  reported  by  Meesl  for  doppler  spectra  at  X  band 
on  plunger  generated,  narrow  band  water  waves  in  a  wave  tank.  Mee's  interpretation  shows  that  the 
component  of  orbital  velocity  along  the  line  of  sight  determines  the  width  of  the  doppler  spectra  which 
is  thus  essentially  Independent  of  depression  angle  for  the  reported  range  of  angles,  40°-90°.  Gross 
features  of  Mee's  results  are  qualitatively  understandable  on  the  basis  of  geometrical  optics3*.  The 
difference  between  the  cases  of  wind  generated  and  plunger  generated  waves  comes  about  because  it  is  the 
mean  squared  slope,  which  is  the  second  moment  of  the  height  spectrum,  and  the  mean  squared  curvature, 
which  is  the  fourth  moment,  that  are  the  parameters  important  in  the  scattering.  These  quantities  are 
distributed  very  differently  in  a  K~*  wind  generated  spectrum  than  in  a  narrow  band  plunger  generated 
spectrum  and  there  may  be  little  similarity  in  the  scattering  in  the  two  cases. 

7.  CONCLUSIONS 

As  a  result  of  the  work  reported  herein,  we  have  come  to  the  following  conclusions  and  specula¬ 
tions  to  be  tested  by  further  study: 

a.  Microwave  backscattering  from  wind  waves  in  a  short  fetch  tank  is  largely  explainable  on  the 
basis  of  low  order  Bragg  scattering, 

b.  The  doppler  bandwidth  is  proportional  to  the  Bragg  wavenumber,  2Kq  cos  6,  and  to  the  wind- 

speed.  The  magnitude  of  the  doppler  bandwidth  (in  velocity  units)  at  low  angle,  is  very  similar  to 
the  orbital  velocity  and  probably  scales  with  fetch  like  the  orbital  velocity. 

c.  An  explanation  for  the  doppler  bandwidth  requiring  further  investigation  is  that  the  bandwidth 
is  a  kind  of  inverse  lifetime  of  the  Bragg  resonant  water  wave. 
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FIGURE  I  Schematic  representation  of  the  wind/wave  tank  and  scattering  range. 
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FIGURE  2 


'jpwind-dovnvind  slope  spectrum  as  a  function  of  upwind-downwind  wavenumber 
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FIGURE  3  Mean  upwind-dovnwind  drift  velocity 
of  a  series  of  1/2"  diameter  paraffin 
disks  of  varying  thickness.  The  extent 
of  the  vertical  bar  through  the  data 
points  is  the  standard  deviation  in  a 
series  of  10*13  consecutive  measurements. 


FIGURE  4  Various  characteristic  velocities 
sa  a  function  of  windspeed, 
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Mean  square  height  spectra  and  Fourier  transforms  of  illumination  patterns. 
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FIGURE  9  Calculated  phase  velocity  vs  Bragg  wavenumber  for  wind  generated  and  mechanically 

generated  water  waves. 
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FIGURE  10  Coetparlaon  of  water  wave  spectra  determined  photometrically  with  spectra 

determined  from  scattering  measurements. 
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SaflAIIlh 

L'accroisscment  de  la  retrodif fusion  radar  qui  accompagne  les  augmentations  de  viteose  dec  vents  et 
d' amplitude  des  vogues  constitue  un  fait  connu  depuis  de  nombreuses  annees.  Ce  n'eat  quo  reccmaent,  tou- 
tefois,  que  les  theories  ont  commence  a  apporter  des  explications  aatisfaisantes  de  la  diffusion  due  a 
la  mer. 

En  outre,  les  mesures  par  instruments  aeroportes,  de  la  diffusion  due  aux  vitesses  ae  vents  elevees 
sont  recentes.  L'augmcn.ation  du  coefficient  de  diffusion  a  des  longueurs  d'ondes  centimetriques,  avec 
des  vitesses  de  vents  allant  jusqu'a  50  noeuds,  samble  indiquer  que  I'on  peut  avoir  recours  a  la  mesure 
du  coefficient  de  diffusion  pour  determiner  la  vitesse  du  vent.  Si  l'on  peut  effectuer  ces  nesures  a 
partir  d'un  satellite,  on  pourra  etablir  la  structure  globale  des  vents  soufflant  L  la  surface  des  oceans 
et  predire  ainsi  les  houles  des  oceans  du  monde  entier.  b' attenuation  des  ondes  centim6triques  peut  etre 
compensee  par  la  mesure  de  la  temperature  effective  vue  par  l'antenne  radar. 

Ur.e  theorie  quantitative  des  images  radar  de  1' ocean  fut  d'abord  proposee  uu  debut  des  annees  50, 
Cette  theorie  a  ete  reccnment  amelioree  grace  a  la  mfethode  des  perturbations,  suggeree  a  1'origine  par 
Rice,  et  a  la  methode  de  Kirchoff,  que  Davies  fut  le  premier  a  utiliser  pour  la  solution  de  ce  probleao, 

On  peut  attribuer  la  plupart  des  divergences  observees  autrefois  entre  la  theorie  et  1* experience 
a  l'emploi  de  descriptions  de  la  surface,  choisies  davantage  parce  qu'elles  se  pretairnt  a  un  traiteaent 
mathematique  que  pour  leur  exactitude. 

Malheureusement,  il  n'existe  pas  encore  de  descriptions  edequates  de  la  surface  des  oceans  pour  les 
vitesses  de  vent  elevees  et  les  phenomenes  a  petite  echelle,  particulierenent  inportants  pour  les  radars 
a  ondes  centimetriques.  Toutefois,  l'emploi,  dans  les  deux  cas  de  la  theorie,  d* approximations  du  spec¬ 
tre  de  surface  des  oefians  a  permis  d'ameliorer,  recemnent,  la  description  thdorique  dec  images  oceoniques 
reques  par  I'ecran  radar.  L'auteur  examine  certaines  de  ces  nouvelles  nethodes  et  la  conpuraison  etablie 
entre  celles-ci  et  les  resultats  experimentaux. 

C'est  seulement  au  cours  de  ces  deux  dernierea  annees  que  l'on  a  procede  a  des  mesures  des  images 
de  l'ocSar  reques  par  radar  dans  le  cas  de  vents  soufflant  a  des  vitesses  superieurcs  a  30  noeuds  environ 
l'on  excepte  quelques  mesures  onterieures  effectuees  au  voisinage  du  littoral  ou  a  partir  de  bateaux 
sous  un  tre3  faible  angle  d' incidence.  Des  mesures  reccmaent  effectuees  par  le  laboratoire  de  Recherche 
de  la  Marine  des  Etatn-Unis  et  par  la  NASA  ont  fourni  des  informations  sur  la  diffusion,  pour  dec  fre¬ 
quences  allant  de  0,U  GHz  a  13,3  GHz,  au  dessus  de  surfaces  marines  oil  les  vents  variaient  de  moins  de 
10  noeuds  a  cnvjrcn  50  noeuds. 

Pour  une  frequence  de  0,b  GHz,  la  forme  de  courbo  du  coefficient  de  diffusion  varie  peu  avec  la 
vitesse  du  vent.  Les  observations  effectuees  a  la  fois  par  le  laboratoire  de  Recherche  Naval  pour  9  GHz 
et  par  la  NASA  pour  13,3  GHz  revelent  que  la  diffusion  augnente  avec  la  viteose  du  vent  pour  des  angles 
de  quelques  dizaines  de  degres  avec  la  verticale  :  par  contre,  les  observations  relatives  «  la  frequence 

de  13,3  GHz  indiquent  un  effet  de  vent  superieur  a  colics  effectuees  pour  9  .  »ien  qu'il  soit  possi- 

11c  de  renurc  la  technique  experiner.tule  utilioce  en  prrtie  responsable  de  cette  difference,  celle-ci 
semble  etre  reelle  et  montre  que  l'on  devrait,  pour  nesurer  les  vents  de  surface,  utiliser  des  radars  a 
frequences  super ieures  a  la  bande  X. 

On  a  propose  un  systeae  de  mesure  de3  vents  a  partir  de  satellite  ;  ce  systene  permettrait  de  deter¬ 
miner  les  vents  sur  toute  la  surface  marine  du  globe,  a  des  intervalles  suffisaament  frequents  pour  eta- 
blir  des  previsions  du  tenps  et  de  l'etat  des  aers  a  1' intention  des  aarins,  pecheurs  et  autres  usagers 
de  1'oeean. 

Pour  obtenir  des  resultats  optinaux,  il  faudrait  qu'un  tel  systeae  depende  de  mesures  absolues,  de 
puissance  et  utilise  des  radars  capables  d' effectuer  un  bon  balayage  lateral  de  la  trajectoirc  du  satel¬ 
lite  de  faqon  a  ce  que  l'on  puisse  observer  une  vaste  portion  d'oeean  a  chaque  passage  de  ce  satellite, 

L'emploi  d'un  reccpteur  Doppler  senblable  au  radiometre  dc  DicKe  utilise  par  les  radio-astronoces 
permettra  a  un  systene  de  ce  genre  de  fonctionner  avec  une  precision  satisfaisante,  mcme  avec  des  rap¬ 
ports  signal/bruit,  approchant  de  l'unite.  Un  rapport  signal/bruit  aussi  peu  eleve  permettra  d'utiliser 
dec  emetteurs  de  puissance  rclativencnt  faible,  meae  a  des  frequences  superieures  a  10  GHz. 

L'utilisation  de  ces  hautes  frequences  implique  que  le  signal  radar  subira  une  attenuation  en  tra- 
versant  d'epais  nuages  ou  de  pluie.  De  recentes  cesures  effectuees  a  l'aide  des  radiocetres  a  micro¬ 
codes  ont  aontre  que  l'on  peut  utiliser  la  temperature  effective  aesuree  par  le  radiometre  (en  grande 
partic  determinee  par  les  radiations  eaises  a  partir  de  la  region  d' attenuation)  pour  etablir  1'atte- 
nuation  dar.s  1'ataoapherc. 

L’as30ciation  d'un  radar  et  d'un  radiometre  serait  done  plus  eff-cace  pour  etudier  les  vents  marins 
qu’ur.  radar  soul. 

Les  donr.ces  tant  tht-orioues  qu'expcrimentales  obtenues  au  cour3  de  ces  deux  dernierea  annees  indi- 
quent  qu'un  concept  tel  que  cclui  decrit  plus  haut  sera  certaineocr.t  »sitiDlc  pour  la  aeoure  des  vents 
si  l'on  peut  etablir  1* image  reque  par  I'ecran  radar  sous  deux  angles  d' incidence  j>our  chaque  point  3itue 
sous  le  satellite.  Un  tel  systene  ne  pourrait  pas  couvrir  une  aussi  vaste  portion  d’oeean  pour  chaque 
passage  du  satellite,  et  donnerait,  pour  le3  vitesses  de  vent  observees,  un  quadriliage  coins  serre  qu'un 
systene  faisant  appel  a  des  mesures  absolues  du  coefficient  de  diffusion.  La  theorie  seable  indiquer  que 
la  technique  des  mesures  absolues  peut-etre  satisfaisante,  mais  il  faut  proceder  a  m.  ccmrlcmer.t  d'expe- 
riences,  (11  se  peut  que  l'on  dispose  des  resultats  de  ces  experiences  a  la  date  de  la  reunion). 
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SUMMARY 

The  relationship  between  radar  return  from  the  sea  at  2.25  cm  wavelength  and  the  speed  of  the  wind 
disturbing  the  sea  offers  an  opportunity  for  a  satellite  system  to  provide  information  for  a  global  wave  fore¬ 
casting  system.  Results  of  measurements  over  seas  with  surface  winds  of  12.5  knots  to  49  knots  presented 
here  indicate  that  the  radar  return  at  angles  of  incidence  in  the  25*-40*  range  increases  rapidly  with  wlnd- 
speedup  to  about  25  knots  and  less  rapidly  a:  higher. speeds .  Comparison  of  the  observations  with  compu¬ 
tations  based  on  application  of  physical  optics  to  a  new  composite  model  of  the  ocean  wave  spectrum  indi¬ 
cates  at  least  qualitative  agreement. 

The  brightness  temperature  measured  by  a. microwave  radiometer  looking  at  the  sea  is  also  proportion¬ 
al  to  wind  speed,  but  the  effect  of  atmospheric  attenuation  is  much  greater  on  brightness  calibration  for  the 
radar  scatterometer  Is  suggested.  A  proposed  instrument  uses  a  scanning  antenna  and  a  common  receiver 
for  the  radar  and  radiometer. 

An  example  of  the  benefits  to  be  gained  by  using  the  more  plentiful  satellite  observations  of  wind 
speed  is  presented  for  the  South  Atlantic.  Because  of  the  sensitivity  of  both  the  radar  return  and  the  wave 
spectrum  to  wind  direction,  other  information,  such  as  that  gained  from  satellite  cloud  photographs,  must 
be  used  to  perform, the  forecasts,  and  the  radar  data  cannot  be  used  alone. 

INTRODUCTION 

Forecasts  of  ocean  wave  spectra  permit  optimum  routing  of  ships  to  allow  greater  speed  and  prevent 
stdrjri  damage.  These  forecasts,  and  meteorological  forecasts,  depend  on  knowledge  of  the  surface  wind 
fieidiover  Jhe  oceans.  The  relationship  between  radar  backscatteririg  and  the  winds  permits  global  wind 
monitoring  from  a  satellite,  provided  proper  wavelengths  are  chosen  and  cloud  attenuation  is  small.  Com¬ 
bining  a  microwave  radiometer  with  the  radar  scatterometer  allows  use  of  the  greater  sensitivity  of  the  radio¬ 
meter  to  cloud  attenuation  for  removing  most  of  the  effect  of  attenuation  of  the  backscatter  signal. 

Forecasting  ocean  wave  spectra  requires  knowledge  of  the  wind  field  over  a  large  area  and  long  time. 
•Waves  can  propagate  to  long  distances,  and  the  effect  local  winds  remains  long  after  the  winds  have  ceased. 
Numerical  forecasting  depends  upon  Iterative  solution  of  the  appropriate  equations  over  a  period  of  about  a 
week  prior  to  the-forecast  time.  Updating  at  about  6  hour  intervals  permits  continuous  extension  of  the  fore¬ 
cast.  A  120  km  point  spacing  Is  used  for  forecasting,  since  a  finer  grid  would  require  too  much  computer 
-storage  and  time;  This  widely  spaced  grid  permits  use  of  a  satellite  instrument. with  resolution  of  10s  of  km, 
-Which  makes  design  simpler  for  the  Instrument. 

RAda?  observations  of  backscatter  from  the  sea  have  been  made  for  nearly  30  years,  but  recent  meas¬ 
urements  from  aircraft  flying  to  stormy  areas  in  the  North  Atlantic  have  permitted  significant  improvement  in 
the  available  Information.  The  data  presented  here  were  obtained  by  aircraft  of  the  U.  S.  National  Aeronautics 
and  Space  Administration  (NASA)  in.March  of  1968  and  1969.  We  had  hoped  to  present.data  from  flights  in 
February  of  1970,  but  data  reduction  is  not  yet  complete.  The  1968  data  were  only  at  13.3  GHz  (2.25  cm) 
r- with; vertical  polarization,  and  the  1969  data  are. from  the  same  system  plus  a  multipolarization  0.4  GHz 
-  (75  cm)  system,  the  experimental  results  at  13. 3. GHz  are  compared  with  theoretical  computations  based  or. 
a  new  composite  wave  spectrum. 

A  scanning  radar-radiometeris  proposed  as  an  operational  system  for  space.  The  radar  will  operate 
in  an  ICW  mode,  permitting  use  of  low  signal-to-nolse  ratio  and  radiometer-like  calibration.  Although  botn 
systems  may  use  the  same  receiver,  the  radar  bandwidth  is  smaller,  as  optimum  S/N  occurs  when  radar 
bandwidth  is  equal  Doppler  bandwidth  of  the  signal. 

A  sample  Integration  of  satellite  data  into  a  forecast  is  presented  to  illustrate  the  major  advantages 
of  the  satellite  system, 

RADAR  BACKSCATTER  OBSERVATIONS 

Most  previous  measurements  of  radar  backscatter  were  (1)  near  grazing  incidence,  or  (2)  near  coast¬ 
lines,  or  (3)  without  adequate  Information  on  the  ocean  conditions.  Apparently  the  NASA  measurements  and 
U,  S,  Naval  Research  Laboratory  (NRL)  measurements  within  the  last  two  years  are  the  first  to  overcome  these 
restrictions.  The  NRL  measurements  are  reported  elsewhere. 1  Here  we  report  primarily  on  the  NASA  measure¬ 
ments  . 

Various  ob^ervets  have  indicated  some  sort  of  “saturation"  in  tue  increase  of  radar  return  with  wind- 
speed,  and  Wright-  has  predicted  this  saturation  on  the  basis  of  a  perturbation  theory  for  radar  scatter  and 
the  Phillips  expression  for  the  "high-frequency  tail”  of  the  ocean  wave  spectrum.  Apparently  the  validity 
of  Wright's  approach  depends  on  the  wavelength  of  the  radar,  for  the  measurements  reported  here  show  no 
saturation  for  2.25  cm  radar  up  to  about  50  knots  windspeed,  whereas  saturation  does  occur  in  our  75  cm 
measurements.  NRL's  3.3  cm  measurements  show  much  smaller  variation  with  windspeed  than  found  at  2.25 
cm. 
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THE  RADAR  SCATTEROMETER 

The  rtfdar  scatterometer  used  for  the  measurements  reported  here  has  a  fan  beam  directed  along  the 
flight  path  of  the  aircraft,  as  shown  in  Slide  i.  Returns  from  different  angles  within  this  beam  are  separated 
by  filtering  the  appropriate  Doppler  frequencies.  Iscdops  for  horizontal  flight  are  hyperbolas  as  shown  on 
the  slide,  so  a  filter  of  'width  A  f^  can  separate  all  returns  botween  01  and  02. 

Slide  2  shows  a  block  diagram  of  the  simple  CW- Doppler  radar  system  used,  A  klystron  transmitter 
also  provides  a  local  oscillator  signal,  so  the  receiver  is  a  homodyne.  The  Doppler  frequences  received 
are  amplified  in  an  audio  amplifier,  and  the  results  recorded  on  magnetic  tape.  On  the  ground  the  tape  may¬ 
be  spectrum-analyzed  cither  in  analog  or  digital  fashion.  Two  channels  are  used  In  quadrature  to  provide 
the  phase  information  required  to  separate  positive  and  negative  Doppler  frequencies.  A  calibrni.on  signal 
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was  Inserted  with  a  ferrite  modulator  driven  by  an  audio  frequency  outside  the  Doppler  frequency  band. 

Since  the  output  of  this  calibrator  is  proportional  to  the  transmitted  signal,  and  since  it  passes  through  the 
same  receiver/recorder  channel  as  the  received  signal,  it  can  provide  an  accurate  calibration.  Unfortu. lately, 
the  ferrite  modulator  is  somewhat  temperature  sensitive  and  subject  to  remanent-magnetism  errors,  so  an 
uncertainty  of  about  ±3  dB  occurs  in  the  absolute  level  of  the  signal.  A  calibrate  source  using  PIN  diodes 
and  modulation  at  a  different  level  was  used  in  the  1970  flights,  so  the  absolute  calibration  should  be 
better  for  these  data  when  they  become  available . 

13.3  GHz  SACTTEROMETER  DATA 

Because  of  the  potential  errors  in  absolute  level,  the  data  were  normalized  by  presenting  the  ratio  of 
differential  scattering  coefficient  at  any  incident  angle  to  that  at  10*.  Slide  3  shows  a  representative  group 
of  observations  normalized  in  this  fashion.  Clearly  the  49  knot  upwind  return  is  much  higher  than  the  cross- 
wind  return  for  the  same  wind  speed,  as  would  be  expected.  Comparable  results  were  also  found  at  lower 
wind  speqds  down  to  the  12.5  knot  level,  where  little  difference  can  be  seen. 

Slide  4  shows  a  more  extensive  set  of  observations  for  the  upwind  condition.  The  increase  in  normal¬ 
ized  radar  return  with  windspeed  is  evident,  although  some  other  effect  must  also  be  present  to  cause  the 
difference  between  the  12. S  and  13  knot  curves.  Repeatability  between  the  two  years  was  amazingly  good 
in  the  20-30  knot  range,  where  most  data  were  available.  Other  curves  are  not  shown  here  because  they 
are  so  like  the  ones  shown  and  would  make  the  graph  hard  to  interpret. 

Recently  an  error  was  found  in  tiie  antenna  pattern  used  in  the  data  reduction,  so  some  changes  in 
shape  of  the  curves  will  result  when  the  reprocessed  data  are  available.  Nevertheless,  the  separation  be¬ 
tween  curves  for  different  wind  speeds  will  remain  exactly  the  same.  For  data  presented  in  this  way  the 
only  change  that  would  affect  the  relative  postions  of  the  curves  would  be  a  drift  in  the  amplltude-vs-frequency 
characteristic  of  the  audio  amplifier,  and  this  is  certainly  a  very  stable  characteristic — as  shown  by  the  re¬ 
markable  agreement  between  data  taken  a  year  apart. 

For  windspeed  measurement,  the  observations  should  be  plotted  vs  windspeed  at  a  fixed  angle.  Slide 
5  shows  this.  Although  the  variation  at  15*  is  not  significant,  variation  with  windspeed  at  both  25*  and  35* 
is  quite  strong.  For  the  upwind  case,  the  scattering  at  35*'  varies  as  v2,“5  below  25.5  knots  as  as  v2,15 
above  25.5  knots  (v  is  windspeed) .  For  the  cross  wind  case,  the  scattering  at  35‘  varies  only  linearly  with 
v  above  2S.S  knots.  With  measurements  of  sufficient  accuracy,  this  should  permit  windspeed  determination 
over  this  range  of  speeds,  provided  the  direction  is  known  from  other  information. 

0.4  GHz  SCATTEROMETER  DATA 

The  0.4  GHz  scatterometer  also  uses  the  fan-beam  Doppler  technique,  but  uses  a  superheterodyne 
rather  than  a  homodyne  receiver.  Absolute  accuracy  should  be  better  with  this  system  than  at  13.3  GHz. 

Slide  6  shows  the  vertically  polarized  observations  with  this  system,  compared  with  similar  observation  by 
NRL.  All  wind  speeds  give  nearly  the  same  results,  although  both  the  NASA  and  the  NRL  data  show  a  slight 
tendency  for  the  signal  to  be  lower  at  49  knots  than  at  12  knots.  Slide  7  shows  the  horizontally  polarized 
observations,  and  the  same  conclusions  can  be  drawn.  Because  of  this  lack  of  sensitivity  to  wind  speed, 
this  frequency  is  not  likely  be  useful  for  wing  measurement. 

THEORY  AND  EXPERIMENT 

Various  theories  have  been  used  to  describe  the  radar  backscatter  from  the  ocean.  Geometric  optics, 
of  facet  theories  have  been  used  in  the  past.  Wright2,  Fung1*,  and  a  group  of  Russian  authors5  have  used 
perturbation  techniques.  Others  have  used  physical  optics,  based  on  the  Kirchhoff  approximation  that  the 
field  on  the  surface  is  the  same  as  it  would  be  for  an  infinite  plane  tangent  to  the  surface  at  that  point.  Per¬ 
turbation  techniques  alone  give  amazingly  good  results  when  considered  in  light  of  the  breakdown  of  the  ap¬ 
proximation  involved  for  any  surface-height  variation  of  the  order  of  X/2II,  but  we  do  not  believe  the  first- 
order  perturbation  can  possibly  give  a  true  description  of  scatter  from  the  open  ocean.  On  the  other  hand, 
the  fact  that  this  method  works  at  all  indicates  that  the  phenomenon  causing  return  from  the  ocean  must  be 
strongly  influenced  by  the  very  smallest  waves,  and  that  Bragg  scatter  from  these  small  waves  is  significant. 

The  key  point  in  any  theory  is  the  surface  description  used.  The  theoretical  results  presented  here 
are  based  on  application  of  physical  optics  to  a  new  wave-spectrum  model.  The  elements  of  this  model  are 
given  in  Slide  8.  Region  1  is  the  now-standard  Plerson-Moskowitz  model,  which  gives  a  good  description 
of  large-scale  structure  on  the  fully-developed  sea.  In  the  high  frequency  limit  this  model,  like  that  due 
to  Phillips,  is  assymptotic  to  k'3.  Region  2  is  associated  with  dynamic  equilibrium  between  wind  and  waves. 
In  this  region  the  spectrum  is  proportional  to  wind  speed  v  and  to  k-2,5.  The  transition  between  Regions  1 
and  2  is  at  a  frequency  (or  k)  that  must  be  determined  somewhat  arbitrarily  on  the  basis  of  experiment;  the 
appropriate  parameter  is  r.  Region  3  involves  capillary  (surface  tension)  waves,  which  are  much  smaller 
than  the  gravity  waves  of  Region  1.  In  tills  region,  however,  the  shape  of  the  spectrum  is  the  same  as  that 
for  the  high-frequency  gravity  waves,  but  the  amplitude  is  about  8  times  as  great.  The  4th  region  is  the 
viscosity  range,  and  is  unimportant  to  this  discussion. 

Apparently  the  significant  size  of  structures  on  the  ocean  for  a  radar  of  2.25  cm  wavelength  are  those 
associated  with  Regions  2  and  3,  depending  somewhat  on  the  wind  speed.  Certainly  these  sizes  are  the  same 
order  of  magnitude  as  those  required  fo-  Bragg  scattering  of  such  radar  frequencies.  Chia5  originally  applied 
the  Plerson-Moskowitz  spectrum  and  physical  optics  to  the  long-crested  case;  he  obtained  results  (assuming 
unit  reflection  coefficient)  much  like  those  shown  in  Slide  9.  With  this  spectrum  there  is  little  effect  of  wind 
speed  or.  the  backscattering.  Chla  also  applied  a  spectrum  like  that  of  Region  2  and  showed  considerable 
variation  with  windspeed,  but  his  curves  were  the  wronq  shape.  Now  we  have  applied  the  entire  spectrum 
of  Regions  1,  2,  and  3,  obtaining  the  results  shown  in  Slide  10.  Although  this  was  a  crude  attempt  (unity  re¬ 
flection  coefficient  and  long-crested  waves),  it  clearly  is  in  general  accord  with  the  experimental  observa¬ 
tions  previously  shown. 

The  comparison  between  this  theory  and  experiment  is  illustrated  in  Slide  11.  Because  of  uncertainties 
in  absolute  levels,  the  data  have  been  normalized  so  that  all  points  coincide  for  25  knots.  With  this  approach, 
the  crude  theory  seems  to  fit  the  crosswind  data  quite  well.  The  increase  with  windspeed  for  the  upwind  data 
is  more  rapid  than  the  theory  indicates.  Since  -y  was  selected  somewhat  arbitrarily  for  this  set  of  theoretical 
curves,  the  ag-cement  is  surprisingly  good.  Work  is  now  in  progress  to  extend  the  calculations  for  short- 
crested  wa  -cs  .  I  for  the  reflection  coefficients  appropriate  to  the  cases  of  vertical  and  horizontal  polariza¬ 
tion. 
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THE  MICROWAVE  RADIOMETER 

Several  investigators  have  recently  shown  that  a  microwave  radiometer,  although  highly  sensitive  to 
cloud  attenuation,  is  also  sensitive  to  winds  at  sea.  This  result  is  not  surprising,  since  the  microwave 
radiometer  obtains  much  of  its  signal  by  scatter  from  the  surface  of  the  ocean.  Fung  and  Ulaby'  have  recently 
developed  a  theory  thst  explains  the  observations  near  vertical  incidence  much  better  than  the  earlier  theory 
of  Stogryn8.  The  principal  difference  between  the  theories  is  that  Stogryn  used  a  Gaussian  autocorrelation 
function  of  surface  heights  in  the  physical  optics  computation  of  scatter,  whereas  Fung  and  Ulaby  u.>ed  an 
exponential.  Slide  12  shows  the  comparison  of  the  two  theories  with  some  observations  by  Nordberg  of 
NASA/Goddard  Space  Flight  Center. 

Because  of  the  sensitivity  of  the  radiometer  to  the  atmosphere,  the  system  proposed  here  uses  it  to 
calibrate  the  scatterometer ,  even  though  it  could  be  used  for  wlndspeed  measurement  in  its  own  right  if  the 
atmosphere  were  absent.  A  relatively  small  increase  in  attenuation  causes  a  quite  large  increase  in  radio¬ 
meter  brightness  temperature.  Wilson  (Slide  13)  has  shown  how  this  can  be  u^ad  to  calculate  the  atmospheric 
attenuation  causing  the  increase  in  brightness,  using  an  upward-looking  radiometer.  For  attenuations  below 
about  8  dB,  this  method  appears  quite  attractive. 

SPACECRAFT  SYSTEM 

A  spacecraft  wind-measuring  system  should  cover  as  much  ocean  surface  as  possible  in  each  orbit: 
accordingly  a  side-to-slde  scan  seems  appropriate.  Because  of  the  uncertainties  in  the  absolute  calibration 
of  the  NASA  data  a  system  that  uses  only  one  angle  Is  still  conjectural,  but  a  system  that  measures  the 
scattering  cross-section  at  two  angles  seems  guaranteed  of  success. 

Slide  14  shows  a  system  permitting  measurements  at  two  angles.  The  spacecraft  radiates  at  10*  and 
35*  Incident  angles,  using  either  a  fan  beam  or  two  pencil  beams.  The  time  of  travel  between  the  two  po¬ 
sitions  shown  for  the  spacecraft  is  only  a  few  minutes  or  less,  so  the  ocean  conditions  remain  statistically 
the  same.  Hence  the  spacecraft  measures  the  scatter  at  10°  in  its  second  position  for  the  same  ocean  area 
from  which  the  35°  measurement  was  made  at  its  first  position.  By  correlating  these  measurements,  the 
wind  speed  at  the  surface  may  be  determined,  but  only  along  the  sub-satellite  track. 

If  further  measurements  show,  as  we  expect,  that  data  are  required  from  only  a  single  angle  to  es¬ 
tablish  the  wind  speed,  a  scan  like  that  in  Slide  15  can  be  used.  In  this  scan,  the  antenna  uses  a  pencil 
beam  that  moves  from  slae-to-side  of  the  spacecraft  in  a  olane  tilted  somewhat  ahead  of  the  nadir.  With 
this  method  the  angle  of  Incidence  can  be  kept  within  the  region  of  maximum  variability  with  sea  state.  A 
scan  for  a  1000  km  orbit  can  readily  be  1200  km  long,  thus  providing  11  points  at  120  km  Intervals  for  the 
forecasting  computer. 

Slide  16  shows  a  sample  set  of  Incident  angles  for  1000  km  height  of  the  satellite.  Ordinarily  the 
scan  would  be  kept  within  about  600  km  of  the  ground  track;  so  that,  for  a  25°  tilt  of  the  antenna,  the  in¬ 
cident  angle  remains  within  the  30-40  °  range . 

RADIO-RADIOMETER  SYSTEM 

The  radar  scatterometer  using  a  narrow  beam  antenna  like  that  shown  in  Slide  15  can  be  operated  in 
a  nearly-CW  mode.  Because  of  the  difficulty  with  Isolation,  the  signal  is  transmitted  only  until  the  first 
return  signal  appears,  and  then  is  turned  off  during  the  receiving  period.  This  near-CW  operation  permits 
use  of  a  narrow-band  receiver,  since  the  harmonics  of  the  long-pulse  fundamental  rate  are  insignificant 
compared  with  the  Doppler  frequency  spread,  Tnus,  the  band  width  of  the  receiver  is  determined  by  the 
Doppler  spread,  which  is  of  the  order  of  ki'oHerU  for  practical  cases. 

Slide  17  illustrates  how  the  post-detection  signal-to-noise  ratio  can  be  made  high  with  low  predetec¬ 
tion  S/N  by  operating  the  scatterometer  much  like  a  radiometer/radio-telescope  receiver. 9  Integrating  a  large 
enough  number  of  independent  samples  of  signal  +  noise  and  a  like  (or  greater)  number  of  noise  samples  re¬ 
duces  the  variance  of  each  so  that  very  small  differences  can  be  measured  reliably.  The  equation  on  the 
slide  shows  the  slgnal-to-nolse  ratio  improvement  possible  with  this  system.  The  number  of  independent 
samples  r  is  approximately  twice  the  time-bandwidth  product  of  the  receiver.  With  this  method  slgnal-to- 
nolse  ratio  of  unity  or  less  at  the  input  may  be  used  successfully  in  a  space  system,  and  the  result  is  a 
peak  power  requirement  of  the  order  ot  10-50  watts,  with  average  power  of  2-10  watts. 

The  rrdar  and  radiometer  systems  may  share  time  or  may  operate  at  slightly  different  frequencies 
within  the  capabilities  of  the  antenna  and  pre-amplifiers.  A  simplified  version  of  the  block  diagram  of  such 
a  system  is  shown  in  Slide  18.  An  actual  system  would  probably  use  more  switches  to  provide  the  calibra¬ 
tion  signal  for  the  radiometer,  and  would  contain  a  provision  to  pass  3n  attenuated  version  of  the  transmitter 
output  through  the  receiver  to  calibrate  the  scatterometer.  The  Dicke  switch  in  the  radiometer  alternately 
connects  the  radiometer  receiver  to  the  hot  load  (at  accurately  known  temperature)  and  the  antenna,  with 
calibration  by  switching  to  a  cold  load  at  less  frequent  intervals.  The  scatterometer  needs  no  such  switch, 
since  its  noise  calibration  is  provided  by  simply  recording  the  output  during  a  time  when  no  scattered  signal 
is  present.  The  noise  for  the  scatterometer  is  the  signal  +  noise  for  the  radiometer. 

APPLICATION  TO  FORECASTING 

The  output  of  a  side-to-slde  scanning  system  like  that  proposed  will  average  about  2,500  pairs  of  t' 
and  Tb  per  orbit,  if  only  data  over  ocean  are  counted.  Forecasts  are  normally  made  on  a  6-hour  repetition 
period,  and  present  data  u-ed  for  the  purpose  consist  of  ship  reports  radioed  into  meteorological  centers  at 
either  6  or  12  hour  intervals  and  cloud  information  from  weather  satellites.  Enough  ship  reports  to  permit 
adequate  forecasts  are  present  only  in  heavy  shipping  lanes  such  as  those  from  North  America  to  Europe. 

Even  in  these  areas  the  forecasts  often  fall  because  insufficient  information  is  available  on  storms  moving 
in  from  regions  having  little  shipping.  Hence,  this  input  of  over  30,000  data  points  per  day  can  have  a 
major  Impact  on  forecasting  weather  and  waves.  10 

Since  the  data  must  be  combined  with  wind  direction  information  to  provide  accurate  reports  of  sur¬ 
face  wind  speeds,  the  operational  system  will  need  a  combination  of  updating  past  weather  reports  and  fore¬ 
casts  on  an  iterative  basis  with  use  cf  the  available  ship  reports  and  of  cloud  photographs  from  satellites. 

Another  proDlem  that  must  be  overcome  is  the  use  of  non-synoptic  data.  Forecasting  presently  is 
based  on  measurements  made  by  all  ships  and  coastal  stations  at  the  same  time.  The  satellite,  on  the  other 
hand,  provides  coverage  m  a  continuous  strip.  The  NIMBUS  satellite  always  collects  data  at  local  noon  or 
orni'dnight. 

Computer  programs  to  solve  both  the  non-synopticity  problem  and  the  wind  direction  problem  are  pres¬ 
ently  being  developed  at  New  York  University. 


An  example  of  the  kind  of  analysis  that  might  result  from  use  of  such  a  system  is  Illustrated  with 
Slide  19  and  Slide  20.  In  Slide  19  a  portion  of  an  actual  surface  analysis  for  the  South  Atlantic  area  is  shown. 
The  dots  indicate  locations  of  reporting  ships  and  shore  weather  stations,  and  the  remainder  of  the  analysis 
is  based  on  combining  these  data  with  satellite  cloud  photographs.  Note  the  high  in  the  upper  left  and  the 
two  lows.  Slide  20  shows  a  hypothetical  set  ■  f  observations  from  a  satellite  pass  across  this  region,  with 
the  resulting  modification  to  the  pressure  patf  ins  shown.  These  changes  in  size  and  intensity  of  the  main 
features  of  the  pattern  are  quite  reasonable  to  expect  with  the  improved  data  coverage  to  be  obtained  using 
the  satellite. 

CONCLUSIONS 

The  use  of  a  combined  radlometer-scatterometer  in  a  satellite  to  provide  surface  wind  information  on 
a  global  scale  over  the  oceans  has  been  shown  feasible,  based  on  observations  of  radar  sea  return  at  2  2S  cn: 
and  of  the  success  of  use  of  radiometers  to  estimate  attenuation  through  clouds.  Reasonably  good  agreement 
has  been  shown  between  backscatter  observations  at  sea  and  predictions  of  a  simplified  .neory  based  on  a 
long-crested  (one-dimensional)  4-part  wave  spectrum  applied  to  a  perfectly-reflecting  physical  optics  for¬ 
mulation  of  the  radar  scatter  problem. 

Additional  measurements  are  under  way  with  a  Doppler  radar  scatterometer  operated  by  NASA  Manned 
Spacecraft  Center,  and  observations  of  frequency  dependence  of  the  ocean  backscatter  are  planned  with  a 
radar-radiometer  to  he  used  '  y  NASA/ Langley  Research  Center.  A  radar-radiometer  will  probably  be  tested 
in  space  in  1972  on  the  Skylab  to  be  flown  by  NASA. 

This  work  was  supported  by  the  U.S.  Naval  Oceanographic  Office  under  contract 
N62306-67-C-0044  and  by  NASA/MSC  under  contract  NAS9-10261  with  The  University  of  Kansas  and  by  the 
U.  S.  Naval  Oceanographic  Office  under  contract  N62306-70-A-007S  with  New  York  University. 
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Fig. 1  Operation  of  a  fan-bean  CW-Doppler  scatleroneter 
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Fig. 2  13,3  GHz  radar  scatteroaeter  block  dierrram 
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Fig. 3  Comparison  of  crosswind  and  upwind  normalized  scattering 
coefficients  at  2.25  cx  wavelength,  (March  1969  data) 
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REGION  .1  -  Sfihd.  K-  P J ERS0N-MT5. XOWl'l  Z  FORM  ASYMP¬ 
TOTIC  TO  AK  3 

REGION  2  -  INTERMEDIATE  K~  DYNAMIC  EQUILIBRIUM 

RANGE  ASYMPTOTIC  TO  BVK'2,5  y 

TRANSITION  REGION  2  -  REGION  2  AT  co  =  -^- 

V  =  WIND  VELOCITY 
g  =  GRAVITATIONAL  ACCELERATION 
7=  PARAMETER  TO  BE  SELECTED 

REGION  3  -  CAPILURY  WAVES  SPECTRUM  8AK"3 

REGION  A  -  VISCOSITY  RANGE  (MILLIMETER  WAVELENGTHS) 


Pin.  9  Angle  of  incidence  9  U.  degrees 
Differential  scattering  coefficient  from 
physical  optics  (Klrr.hhoff  approximation) 
Plerson-HoBkoeltz  sptctmt  (ooymptotic  to 
Phillips  theory)  (long  crested  waves) 


Pig. 10  Angle  of  incidence  &  in  degree? 
Differential  scattering  coefficient  from 
physical  optics  (Kirchh-'ff  approximation) 
composite  spectrum  (long  crested  waves) 


NORMALIZED  to  12.5  KNOT  VALUE 
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WIND  SPEED  IN  KNOTS 


Fi*. 11  Comparison  of  composite-spectru* 
theory  with  NASA  experimental  data. 
Absolute  levels  adjusted  for 
coincidence  at  25  knots 


Fig. 12  Measured  and  calculated  horizontally 
polarized  apparent  temperature  of  the 
ocean  at  19.4  GHz.  (From  Fung  and 
Ulaby.  1970) 


ATTENUATION  MEASURED  BY  SUN  THACKER  IN  DECIBELS 


Fig. 13  Comparison  of  measured  attenuation  with  values  calculated  from 
upward-looking  microwave  radiometer  (16  GHz)  (from  Wilson,  1969) 
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Pig. 15  Scan  for  an  operational  radiomoter- 
scatterometer  for  sea-state  measurement 
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Fig. 16  Incident  angle  at  the  earth  for  a  wave  from  a 
scanning  antenna  on  a  1000  km  altitude  satellite 
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ABSTRACT 


This  paper  will  discuss  the  results  of  two  laser  flight  test  programs  conducted 
over  the  ocean  for  the  purpose  of  determining  system  operation  for  (1)  a  vertically 
oriented  1.06  micron  laser  altimeter;  and  (2)  a  10.6  micron  optical  Doppler  radar  at  a 
variety  of  depression  angles.  The  experimental  data  for  a  variety  of  sea  states  for  the 
vertically  oriented  altimeter  system  established  that  the  return  signal  wac  definitely 
range  square  dependent  and  that  the  effective  target  cross  sections  (a°)  were  0.15  and 
0.24  for  smooth  and  rough  surface  water  conditions,  respectively.  The  10.6  micron  opti¬ 
cal  Doppler  radar  system  established  that,  for  a  six  inch  spot  size  on  the  ocean  surface: 

(1)  the  probability  of  achieving  returns  decreased  as  the  depression  angle  decreased,  and 

(2)  as  the  sea  state  increased  the  corresponding  probability  of  return  increased. 


1.  INTRODUCTION. 

In  order  to  optimize  electro-optical  system  performance  over  the  ocean  surface, 
one  must  consider  the  effect  of  the  sea  surface  upon  the  backscattered  signal.  Through 
the  years,  significant  study  and  experimentation  have  been  performed  at  the  microwave 
wavelengths' to  determine  the  effective  radar  cross-section  per  unit  area  (o°). 
Additional  evaluation  of  sea  surface  reflection  at  optical  wavelengths  has  utilized  the 
sun  as  a  transmitting  source  to  obtain  optical  reflection  properties  and  sea  surface 
slope  distributions  of  the  ocean^6'11).  More  recently,  evaluation  of  ocean  scattering 
properties  has  been  performed  utilizing  lasers  as  transmitting  sources ( 12-13) ,  This 
paper  will  discuss  the  results  obtained  from  two  such  flight  test  programs,  one  utilizing 
a  1.06  micron  pulsed  YAG  solid  state  laser  and  the  other  utilizing  a  10.6  micron  CW  carbon 
dioxide  gaseous  laser. 

2.  OCEAN  SCATTERING. 

The  backscatter  signal  strength  of  an  electromagnetic  wave  incident  upon  the  ocean 
surface  is  related  to  the  transmitted  wavelength,  polarization,  depression  angle,  wind 
direction  and  the  state  of  the  sea  surface.  Environmental  effects  result  in  the  ocean 
surface  being  composed  of  regular  and  irregular  waves,  small  ripples,  spray  and  other 
irregularities.  Correspondingly  the  value  of  the  ocean  target  cross-section  fluctuates 
as  the  sea  surface  changes  and  the  number  and  size  of  the  scatterers  within  an  illuminated 
region  varies. 

An  appreciation  of  the  ocean  scatterer  may  be  obtained  by  noting  the  ocean  inter¬ 
action  effects  upon  signal  backscatter.  If  one  neglected  environmental  effects,  one 
could  envision  the  ocean  surface  as  a  flat  specular  reflector  and,  as  such,  the  laser 
beam  divergence  would  be  the  same  before  and  after  reflection.  As  wind  and  tidal  effects 
occur,  the  sea  surface  is  perturbed  and  becomes  a  more  complicated  scatterer.  One  might 
consider  this  complex  scatterer  to  be  composed  of  a  distribution  of  flat  facets  oriented 
at  different  angles  on  the  sea  surface.  Evaluation  of  measured  ocean  wave  records  have 
resulted  in  approximate  Gaussian  probability  functions  indicating  ocean  surface  slopes 
having  three  sigma  limits  less  than  ±0.3  radians(M).  The  orientation  of  these  inclined 
facets^*' 15) could  contribute  to  diffusing  or  broadening  of  the  scattering  steradian 
volume  of  the  sea  surface.  However,  in  order  for  this  diffusing  effect  to  occur,  several 
such  facets  must  be  iJluminated.  The  summation  of  the  scattering  signal  from  all  illumin¬ 
ated  scatterers  would  then  constitute  the  amount  of  energy  collected  by  the  receiving 
system.  For  most  laser  systems,  the  spot  size  at  the  ocean  surface  typically  is  quite 
small  witn  respect  to  ocean  wave  dimensions  and,  subsequently,  the  specularity  or  diffusi- 
vity  of  the  ocean  scatterer  has  a  direct  bearing  upon  the  extent  of  signal  drop-out 
conditions  at  the  receiver. 
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3. 


SCATTERING  CROSS  SECTION  CONSIDERATIONS. 


The  general  equation  for  the  received  signal  power  P  is: 

R 

P_  s.  C  A___  L 
_  T  T  EFF 


where: 


(4.) 2  R4 

Peak  transmitter  power  (watts) 

Directional  gain  of  transmitter  compared  to  an 
isotropic  source  m  (4ir/0T^) 


R  =  System  range 

A  «  The  effective  capture  area  of  the  receiver 
L  =  System  transmission  efficiency 


e„ 


Transmitted  beamwidth 


(1) 


The  scattering  cross  section  (a)  is  defined  to  be  4ir  times  the  ratio  of  the  power 
per  unit  solid  angle  scattered  back  toward  the  transmitter  to  the  power  per  unit  area 
in  the  wave  incident  upon  the  target  and  may  be  expressed  as: 


4u 


fl.t.vl 

n 


sin  (y)  da 


(2) 


where:  p(y)  =  Reflection  coefficient 

Y  *  Grazing  angle  measured  from  the  horizontal 
fl  =  Effective  solid  angle  (of  return) 

da  =  Target  area 

The  target  cross  section  per  unit  area  (c°)  for  a  vertical  path  is  defined  as: 


da 


(3) 


For  a  vertical  path  this  reduces  to: 

o  .  ±L.g(9°°) 

n 


(4) 


Substituting  equations  (3)  and  (4)  in  equation  (1),  the  received  siynal  power, 
at  normal  incidence  for  an  extended  target  may  be  expressed  as: 


Pr  - 


PT  *  CT  *  *EFF  *  L 
4irR2 


(5) 


Knowing  the  refractive  index  of  ocean  water^16^,  one  may  calculate  the  reflection 
coefficient  utilizing  the  Fresnel  reflection  formula  to  be  0,021  for  vertical  incidence. 


The  remaining  function  Cl  in  equation  (4)  remains  to  be  defined.  It  is  this 
function  in  the  radar  equation  that  is  effected  by  the  angular  orientation  of  the 
inclined  facets  and  the  size  and  number  of  such  scatterers  within  the  transmitter  beam- 
width.  Should  the  ocean  appear  highly  Specular,  the  scattering  steradian  volume  would 
be  small.  Correspondingly,  if  the  scatterer  is  diffuse,  the  scattering  steradian  volume 
would  be  large.  In  practice,  most  surfaces  will  have  different  degrees  of  specularity 
and  diffusivity  and,  therefore,  one  must  be  concerned  with  a  relatively  broad  classifi¬ 
cation  of  surface  scatterers.  If  the  reflected  signal  is  scattered  equally  over  a 
spherical  volume,  the  surface  may  be  termed  an  isotropic  scatterer.  Correspondingly, 
if  the  target  causes  the  total  reflected  signal  to  be  compressed  into  a  smaller  steradian 
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volume,  then  the  radiation  versus  angle  becomes  peaked  in  some  directions  and  diminished 
in  others,  compared  to  the  referenced  isotropic  surface.  This  peaking  effect  may  be 
expressed  as  a  directional  gain.  The  reflectivity  of  the  surface  would  then  determine 
the  amount  of  energy  reflected  from  the  surface,  whereas  the  directional  gain  expression 
indicates  the  intensity  of  the  returned  radiation  as  a  function  of  angle. 

In  the  radar  field,  the  scattering  steradian  volume  (Cl)  is  referenced  to  that  of 
an  isotropic  scatterer  (has  equal  radiation  over  a  4v  steradian  volume) .  One  then  refers 
to  a  directional  gain  over  isotropic  (Gi)  as* 


Gi 


(6) 


Typically,  diffuse-type  targets  (sand,  MgO) ,  which  appear  as  Lambertian  scatterers 
(ir  steradians) ,  have  a  directional  gain  over  isotropic  (4ir  steradian)  of  four.  For  a 
specular  target  where  the  beam  divergence  remains  nearly  the  same  before  and  after 
reflection,  the  directional  gain  over  isotropic  is  very  large. 

Utilizing  the  Rayleigh  surface  smoothness  criterion^  (i.e.,  a  surface  may  be 
considered  smooth  if  h  sin  ¥  =  X/8,  where  h  is  a  measure  of  the  peak- to- trough  irregular¬ 
ity  height,  ¥  is  the  grazing  angle,  and  X  is  the  wavelength),  we  may  readily  observe  that 
as  the  transmission  wavelength  becomes  shorter  and  shorter  the  surface  smoothness  require¬ 
ments  become  more  difficult  to  obtain.  To  the  extent  that  this  criterion  is  not  met  over 
the  illuminated  area,  the  backscattered  radiation  becomes  diffused. 


4.  LABORATORY  REFLECTIVITY  MEASUREMENTS. 

In  order  to  illustrate  the  effect  of  specular-  and  diffuse- type  target  returns, 
a  laboratory  experiment  was  performed  and  the  results  may  be  observed  in  Figure  1 .  The 
experiment  consisted  of  utilizing  a  helium-neon  gas  laser  operating  at  6328  angstroms 
which  was  amplitude  modulated  at  a  1000-Hz  rate  by  a  mechanical  chopping  wheel.  The 
resulting  signal  was  transmitted  to  a  mirror  surface  and  the  received  signal  was  then 
collected  by  a  photomultiplier  and  observed  through  an  electronic  filter  on  an  oscillo¬ 
scope.  Figure  1A  demonstrates  this  result.  Figure  IB  is  the  same  system  except  that 
the  mirror  reflector  was  replaced  by  a  container  of  water.  The  very  narrow  5/16  inch 
spot  size  of  the  laser  on  the  water  surface  allowed  an  investigation  of  the  water  surface 
on  a  "laboratory  scale".  By  setting  the  water  in  sufficient  motion  to  get  a  "rolling 
wave"  one  may  observe  in  Figure  1C  that  the  return  signal  suffered  alternate  conditions 
of  signal  return  and  signal  drop-out  for  the  specular  water  surface. 

Figure  ID  illustrates  the  effect  of  random  turbulence  on  this  rolling  wave  and 
one  may  observe  here  that  the  signal  level  begins  to  increase  in  amplitude  in  tho 
previously  noted  regions  of  signal  drop-out. 

Having  obtained  an  indication  of  the  effect  of  specular  and  diffuse-type  target 
returns,  the  1.06  micron  flight  test  system  was  prepared. 


5.  ALTIMETER  FLIGHT  TEST  SYSTEM. 


The  altimeter  flight  test  system  consisted  of  a  neodymium-doped,  yttrium-aluminum- 
garnet  (YAG)  laser  having  the  following  system  parameters: 


(a)  TRANSMITTER: 


Max  peak  power 
Pulse  duration 
PRF 

♦Beam  divergence 
Wavelength 
Pumping  source 
"0"  switch 
Fhotodiode 
Polarization 


1  megawatt 
20  nanoseconds 
0.3  pulses/second 
6  milliradians 
1.06  microns 
xenon  flashlamp 
Pockels  cell 
EG+G  Model  SD-100 
Vertical 


♦In  order  to  allow  the  flight  test  altimeter  system  beamwidth  to  encompass  a 
relatively  large  ocean  area  (and,  thereby,  minimize  signal  drop-outs)  the  trans¬ 
mitter  divergence  was  deliberately  broadened  by  removing  the  collimating  optics. 
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RECEIVER:  Optical  Band  Pass 

2oA  filter 

Filter 

Photomultiplier 

RCA  7102 

Collecting  optics 

3  inch,  f/2.5  objective 

Polarization 

unpolarized 

5,1.  Calibration  Tests. 

In  order  to  monitor  the  transmitted  power,  an  SD-100  photodiode,  which  normally 
I  views  the  rear  mirror  of  the  laser  cavity  and  yields  an  output  voltage  which  is  utilized 

to  trigger  a  type  "A"  scope  display,  was  calibrated.  By  utilizing  a  calibrated  light 
detector  to  actually  measure  the  output  laser  energy,  a  calibration  curve  of  transmitter 
power  versus  the  SD-100  diode  trigger  voltage  was  attained.  Periodic  monitoring  of  the 
trigger  voltage  during  the  flight  test  allowed  an  indication  of  transmitter  power  to  be 
obtained. 

Additional  calibration  tests  were  performed  on  the  laser  system  in  order  to: 

(a)  Calibrate  transmitter  and  receiver  responses  using  a  known  ref.’ active  surface. 

(b)  Determine  the  dynamic  and  linear  range  limitation  of  the  equipment 

(c)  Perform  range  measurements  against  fixed  targets. 

(d)  Assure  operational  functioning  during  the  actual  flight  test. 


5.2.  Flight  Te3t  Results. 

Subsequent  to  the  calibration  tests  the  equipment  was  installed  in  the  Raytheon- 
owned  B-26  aircraft. 

Figure  2  is  a  picture  of  the  coast  and  geodetic  map  of  the  flight  test  area,  and 
one  may  observe  from  the  lines  drawn  on  this  ch^rt  as  to  how  a  typical  flight  test  was 
run.  The  numbered  lines  correspond  to  flight  test  runs  1-11  and  15-21  of  the  second 
flight  test  experiment.  Basically,  measurements  were  made  over  Plum  island  Sound,  the 
Atlantic  Ocean,  the  Merrimac  River,  sand  dunes  and  wooded  areas.  We  were  able  on  two 
flight  tests  to  obtain  pilot  estimates  of  sea  states  varying  from  International  one  to 
threads)  and  to  obtain  calm  water  estimates  varying  from  "millpond  smooth"  to  ripple 
surfaces. 

During  the  flight  tests  aircraft  height  was  determined  by  both  an  APN/22 
microwave  altimeter  and  the  1.06p  laser  altimeter,  transmitter  power  was  monitored  by 
the  calibrated  SD-100  diode,  the  receiving  optics  were  masked  by  the  aircraft  mounting 
fixture  to  a  5  cm  square,  resulting  in  a  collection  optics  area  of  2.5  x  10-3  square 
meters,  and  the  atmospheric  and  system  losses  were  estimated  to  be  3db.  As  a  result  of 
the  instrumentation  and  calibration  of  the  receiving  system  the  only  remaining  unknown 
in  equation  (5)  was  the  effective  target  cross-section  (o°) . 

Figure  2  is  a  composite  plot  of  all  of  the  averages  (u)  of  the  flight  test  data 
for  the  various  ocean  situations.  The  diagonal  lines  indicate  the  least  square  curve 
fit  to  the  data.  The  triangles  in  this  figure  illustrate  the  results  of  the  first  flight 
teat.  Data  obtained  during  the  second  flight  test  are  noted  by  X's.  Above  each  of  tho 
data  marks  is  the  International  f,ea  state  for  that  particular  average. 

The  transmitter  power  ’.as  measured  to  be  150  kw  and  was  noticed  to  vary  slightly 
during  the  flight  teits.  However,  we  were  able  to  maintain  close  correlation  between 
the  first  and  second  flight  tests.  This  may  be  noted  by  the  following  data  points  where 
the  triangle  at  3000  feet  (915  meters)  gave  a  return  of  approximately  6  1/2  mV  at  Inter¬ 
national  sea  state  one.  The  two  measurements  performed  at  3000  feet  (915  meters)  during 
the  second  flight  test  over  sea  states  two  and  three  (International)  straddled  that  point. 

Analysis  of  the  flight  tent  results  indicated  that  the  return  signal  was  definitely 
range  squa.e  dependent  as  expected  and  that  the  target  cross-section  per  unit  area  (o°’ 
was  0.24  for  calm  water  and  0.15  for  sea  states  one  to  three  International. 

Figure  4  shows  the  standard  deviation  (oy)  about  the  mean  for  the  ocean  return 
over  the  various  sea  states,  If  the  measured  signal  voltages  were  due  to  spacular-type 
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targets,  resulting  in  intermittent  signal  strength,  the  value  of  the  standard  deviation 
about  the  mean  would  be  large.  Correspondingly  (as  the  laboratory  experiments  indicated) 
as  the  ocean  becomes  more  turbulent,  the  signal  intensity  becomes  more  constant  and, 
therefore,  smaller  values  of  standard  deviation  should  be  noted.  Here  the  standard 
deviations  may  be  noted  to  be  within  a  factor  of  2  of  the  mean  and,  therefore,  signifi¬ 
cant  variation  was  not  concluded  to  exist. 

Figure  5  shows  the  ocean  return  over  calm  water.  Again  the  standard  deviations 
about  the  mean  vere  slight  and  not  indicative  of  specular  return  or  signal  drop-outs. 

To  provide  a  means  of  understanding  the  scattering  function,  the  beach  sand  of 
Plum  Island  was  assumed  to  be  a  diffuse-type  target.  By  comparing  the  ocean  returns 
against  the  return  of  the  beach  sand,  we  were  able  to  obtain  a  further  indication  as  to 
whether  the  target  was  diffuse  or  specular;  and,  here  one  may  see  that  the  standard 
deviations  about  the  mean  for  the  beach  sand  return?  were  approximately  the  same  as  those 
obtained  for  the  ocean  returns  (Reference  Figure  6) . 


6.  10.6  MICRON  DOPPLER  RADAR  FLIGHT  TEST  RESULTS. 

In  order  to  assess  the  capability  of  an  optical  Doppler  radar  system,  a  flight 
test  program  was  conducted  over  land  and  water  surfaces.  Evaluation  of  some  of  the  test 
data  obtained  over  the  ocean  surface  near  the  New  England  coast  line,  Figure  7,  yielded 
the  signal  drop-out  rate  for  a  variety  of  depression  angles  and  sea  states.  Basically 
the  10.6  micron  optical  Doppler  system  had  the  following  system  parameters: 

(a)  TRANSMITTER:  Wavelength  10.6  microns 

Output  power  10  watts 

Beam  divergence  0.1  milliradian 

Transmit/receive  optics 

diameter  15  CM 

Polarization  vertical 

(b)  RECEIVER:  Detector  Copper  doped  germanium 

Detection  technique  Optical  heterodyne 

Display  Spectrum  analyzer 

Altitude  305  meters 

Polarization  vertical 

Ths  10.6  micron  single  mode  single  frequency  laser  signal  was  transmitted  through 
a  coaxial,  15  centimeter,  F/2  optical  system.  The  received  backscatter  signal  from  the 
ocean  surface  was  then  collected  by  this  same  optical  system  and  combined  on  a  copper 
doped  germanium  detector  with  a  portion  of  the  transmitted  signal .  The  resultant  Doppler 
shifted  signal  was  then  processed  by  suitable  receiver  electronics  and  observed  on  a 
spectrum  analyzer,  which  portrayed  the  returned  signal  intensity  as  a  function  of  the 
Doppler  frequency.  The  entire  system  was  mounted  in  a  Raytheon  ;:-26  aircraft  and  flight 
tested  over  t.he  New  England  coast  line.  At  the  operating  altitude  of  305  meters  the 
illuminated  spot  size  was  approximately  15  centimeters  due  to  operation  within  the  near 
field  of  the  optical  system.  The  optical  system  was  inclined  at  depression  angles  of 
70,  75,  80  and  85  degrees  and  tests  were  performed  over  a  variety  of  sea  states  varying 
from  International  0  to  4.  Sea  state  assessment  was  performed  by  an  experienced  flight 
test  pilot  who  has  had  much  experience  with  such  estimates.  Synchronous  16  millimeter 
movies  were  made  of  the  spect,rum  analyzer  display  and  the  terrain  being  traversed  by  the 
laser  beam  to  provide  test  information  for  post  flight  processing.  The  flight  test  data 
was  evaluated  by  random  sampling  of  the  flight  test  film  recordings  for  a  variety  of  sea 
states  and  depression  angles,  A  typical  film  strip  was  visually  evaluated  by  determining 
the  number  of  times  a  received  signal  intensity  was  observed  as  opposed  to  the  number  of 
total  cor.  icutive  frames  examined,  for  upwind,  downwind  and  crosswind  conditions.  Evalu¬ 
ation  of  this  data  as  a  function  of  angle  and  sea  state  may  be  noted  in  Figure  8.  These 
figures  indicate  that  near  vertical  incidence  the  probability  of  return  signals  being 
obtained  was  quite  high  even  for  relatively  smooth  sec  conditions.  However,  as  the 
depression  angle  decreased  from  85  degrees  to  70  degrees,  a  significant  reduction  in  the 
percent  of  return  signals  resulted.  Furtner,  as  the  sea  states  increased  from  Interna¬ 
tional  0  to  4,  the  probability  of  signal  reception  increased  dramatically.  Referring  to 
Figure  9  for  a  70  degree  depression  angle,  significant  changes  in  the  probability  of 
achieving  a  return  signal  is  definitely  noted  for  the  various  sea  states,  and  suggests 
that  potential  sea  state  indications  might  be  obtained  by  monitoring  the  return  signal 
data  rate  at  a  variety  of  depression  angles. 
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7.  CONCLUSIONS. 

The  results  of  the  1.06  micron  laser  altimeter  system  with  a  deliberately  broad¬ 
ened  beamwidth  at  near  vertical  incidence  indicated  that:  the  return  signal  was  definitely 
range  squared  dependent;  adequate  cont.-ols  were  maintained  to  allow  a  measurement  of  the 
effective  ocean  target  cross-section;  and  that  a  sufficient  number  of  seatterers  were 
included  within  the  illuminated  beamwidth  to  allow  continuous  reception  of  received 
signal.  This  appears  consistent  with  flight  test  data  obtained  for  tne  10,6  micron 
Doppler  laser  system  utilizing  a  highly  collimated  beamwidth  where  a  high  data  rate  at 
near  vertical  incidence  was  obtained.  However,  the  10.6  micron  flight  tests  also  indi¬ 
cated  frequent  occurrence  of  signal  drop-out  conditions,  due  to  the  inclination  and 
limited  number  of  seatterers  located  within  the  15  cm  transmitted  beamwidth  at  depression 
angles  aiound  70  degrees. 

Combined  results  of  both  test  programs  suggest  that  at  near  vertical  incidence 
signal  drop-out  conditions  decrease  with  increasing  system  beamw.idths  and  that  as  the 
spot  size  on  the  ocean  is  broadened  to  illuminate  a  homogenous  ?rea  of  ocean  surface 
that  signal  drop-out  conditions  may  be  eliminated.  Additional?/*  these  results  indicate 
that  as  the  sea  state  conditions  increase  to  present  a  more  turbulent  ocean  surface, 
received  signal  data  rate  at  a  given  depression  'gle  and  spot  size  increases.  This 
would  appear  to  be  consistent  with  the  wider  ar.  .lar  distribution  of  inclined  facets 
anticipated  for  more  turbulent  ocean  conditions. 

Results  of  these  two  flight  test  conditions  strongly  suggest  that  electro-optical 
system  operation  over  water  surfaces  should  take  into  account  the  scattering  effects  of 
the  ocean  surface  if  reliable  system  operation  is  to  be  achieved. 
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Figure  1.  Laboratory  water  Return  from  Helium-Neon  Laser 


Figure  2.  coast  and  Geodetic  Map  of  the  Flight  Test  Area 
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SUMMARY 


Due  to  the  high  conductivity  of  sea  water,  propagation  of  electromagnetic  (radio)  waves  across  the 
air-seawater  interface  is  of  practical  interest  only  at  relatively  low  frequencies  (10s—  10B  Hz) .  At  such 
frequencies  the  relationship  between  subaqueous  signal  wavelengths  and  the  characteristic  dimensions  of 
the  perturbed  sea  surface  permit  reasonable  approximations  in  the  electromagnetic  boundary  conditions, 
which  lead  to  useful  expressions  for  the  rms  amplitude  and  power  spectrum  of  the  underwater  field 
fluctuations.  These  expressions  contain  the  sea  wave  spectrum  and  are  functions  of  the  signal  frequency 
and  the  depth  and  velocity  of  the  observation  point.  For  example,  the  fluctuation  spectrum  seen  by  a 
stationary  observer  is  a  filtered  version  of  the  sea  wave  spectrum,  the  transfer  function  resembling  that  of 
a  low  pass  filter  in  which  the  cut-off  frequency  and  roll-off  rate  are  determined  by  the  signal  frequency  and 
the  depth  of  the  observer.  The  approximations  are  shown  to  cover  a  significant  regime  of  depths  and  sea 
states  over  the  given  range  of  signal  frequencies.  The  theory  is  illustrated  by  examples  based  on  current 
models  of  the  sea  wave  spectrum. 

I.  INTRODUCTION 

Electromagnetic  communic  ation  with  a  terminal  below  the  surface  to  the  sea  is  of  practical  interest 
only  at  very  low  frequencies,  where  the  skin-depth  is  appreciable,  or  at  very  high  (optical)  frequencies, 
where  the  sea  water  is  transparent.  The  interface  problem  in  both  cases  is  straightforward  for  an  ideally 
smooth  surface,  but  becomes  difficult  -  and  interesting  -  when  the  actual  dynamic  sea  surface  is  intro¬ 
duced.  In  this  paper  we  will  restrict  our  attention  to  the  very  low  frequencies  (ELF  to  LF,  or  about  100 
to  100,000  Hz)  and  find  how  the  signal  fluctuations  at  a  submerged  terminal  are  related  to  the  spectrum 
of  sea  waves  at  the  surface.  Related  work  in  the  past  has  already  been  referenced  in  the  review  paper  by 
Galejs  found  earlier  in  these  proceedings  (1):  Wait  (2)  has  considered  the  effect  of  a  single  sinusoid. 

Max  and  Lemer  dwell  on  matching  boundary  conditions  at  a  trosholdal  surface  (3) ,  and  Winter  concentrates 
on  Gaussian  processes  (4) .  While  the  treatment  in  this  paper  will  inevitably  contain  elements  of  this 
earlier  work,  its  major  virtue  is  felt  to  be  the  introduction  of  the  actual  sea  wave  spectrum  into  the 
fluctuation  problem,  thereby  linking  the  electromagnetic  phenomena  to  the  oceanographers'  characterization 
of  the  sea  surface. 

It  is  obvious  at  the  outset  that  the  electromagnetic  formulation  of  the  problem  will  involve  approxi¬ 
mations,  so  the  relationships  among  various  characteristic  lengths  will  be  of  interest.  Although  the  surface 
of  a  wind-driven  sea  is  highly  irregular,  it  is  often  convenient  -  and  instructive  -  to  discuss  its  gross 
features  in  the  nomenclature  of  a  single  sinusoidal  process  -  i.e.  in  terms  of  wave  "amplitudes"  , 
"frequencies"  ,  "wavelengths" .  There  is  usually  sufficient  regularity  in  at  least  the  large-scale  features 
to  give  some  credence  to  this  procedure,  which  means,  simply,  that  the  frequency  spectrum  of  the  surface 
fluctuations  is  rather  peaked  at  the  appropriate  frequency. 

While  there  is  no  uniform  agreement  on  precise  values  for  the  pseudo-sinusoidal  parameters  mentioned 
above,  the  following  are  derived  from  several  sources  (e.g.  Munk  (5),  Kinsman  (6))  and  will  be  adequate 
for  our  purposes: 

Wave  "Amplitude"  :  "A"  «  0.015  W® 

Wave  "Length"  :  "A"  “0.64  W® 

Min.  "Rad.  of  Curv."  :  "P”“0,7W® 

Where  W  =  wind  speed  in  m/sec. 

In  the  electromagnetic  part  of  the  problem,  the  parameter  giving  the  scale  of  the  underwater  field  variations 
will  be  the  "skin-depth",  defined  by 

6=  (2/  G|.uj)  (1) 

The  approximations  to  be  used  in  formulating  ine  electromagnetic  problem  will  require  this  skin  depth  to  be 
greater  than  the  wave  "amplitude",  but  less  than  both  the  "length”  and  minimum  "radius  of  curvature"  of 
the  sea  waves,  thus  placing  both  upper  and  lower  limits  on  the  wind-speed  W  for  which  approximate  solutions 
may  be  found.  These  limits  are  indicated  in  the  last  column  of  Table  I  for  several  signal  freouencies  f0  of 
interest. 
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u 

X  o 

6 

"A"  <  6  <  "p"  ," A " 

100  Hz 

3,000  km 

25  m 

W  ^  12  -  80  knots 

10  kHz 

30  km 

2.5  m 

W  =  4  -  25  knots 

100  kHz 

3  km 

0.8  m 

W=  2  -  14  knots 

Table  I:  Some  relevant  numbers 

The  wavelength  X  0  gives  the  scale  of  the  variation  of  the  electromagnetic  field  above  the  sea  surface . 

II.  A  SIMPLE  MODEL  FOR  BIG  WAVES 

Avery  simple,  yet  instructive,  model  valid  for  certain  restricted  conditions  may  be  constructed  by 
imagining  a  low  frequency  electromagnetic  field  above  a  smooth  sea  surface  and  an  observer  at  a  depth  h 
looking  up  at  this  surface.  The  field  at  the  observer  can  always  be  represented  as  some  combination  of  the 
surface  fields  times  a  propagation  kernel  (Green's  function)  integrated  over  the  surface.  The  propagation 
constant  entering  this  kernel  will,  for  frequencies  such  as  those  in  Table  I,  take  the  form 

k  =  (1  -  1)/  6  (z  <  0)  (2) 

where  6  is  the  skin  depth  given  in  Eq.  (1) .  Since  the  contributions  from  surface  field  elements  thus  decay 
exponentially  with  distance  from  the  observer,  the  major  contributions  come  from  surface  elements  directly 
overhead,  while  surface  elements  at  distances  greater  than  (h  +  6)  from  the  observer  contribute  relatively 
little.  The  situation  is  illustrated  in  Fig.  1 ,  from  which  it  is  clear  that  for  an  observer  at  depth  h,  the. a 
is  a  "circle  of  major  influence"  oi  radius 


a  =  (2h6)1/2  (3) 

representing  the  area  from  which  the  major  contributions  arise  -  much  in  the  nature  of  the  primary  Fresnel 
zone  in  non-dlssipatlve  propagation. 


(It  should  be  noted  that  by  using  an  appropriate  integral  formulation  of  the  problem  these  arguments  can  be 
placed  on  a  more  rigorous  basis  -  but  there  is  little  point  in  doing  so  here.) 

We  now  observe  that  if  the  scale  of  the  sea  surface  undulations  is  much  larger  than  the  radius  of  this 
"circle  of  major  Influence" ,  the  effect  at  the  observer  is  simply  as  if  the  entire  sea  surface  moved  up  and 
down  overhead  or,  conversely,  as  if  the  observation  point  moved  down  and  up  under  a  flat  surface.  That  is, 
if 

"K"  a  <<  1  ("K"  =  2tt/"A") 

then 

H(-h)  a  H0  e  ik(h+C(t)) 


(4) 

(5) 


22-3 


where  k  is  given  in  (2) ,  H0  is  an  electromagnetic  field  component  (such  as  the  magnetic  field)  at  the  surface, 
and  G  (t)  is  the  displacement  of  the  surface  over  the  observation  point  as  a  function  of  time. 

This  model  should  almost  always  be  valid  for  surface  " swell"  (long-wavelength  quasi-sinusoidal  wave 
components  left  over  from  distant  storms) ,  and  might  describe  the  major  field  fluctuations  in  wind-driven 
seas  for  which  the  inequality  (4)  is  satisfied.  Substituting  into  (4)  from  (1) ,  (3)  and  the  definition  of  "A" 
in  the  Introduction,  we  find  that  the  wind  speed  W  must  satisfy 

W  >  9  hlA*  (10/f0 ) knots  (6) 

where  h  is  the  depth  in  meters  and  f0  the  signal  frequency  in  kilohertz. 

For  the  sake  of  future  comparisons,  let  us  imagine  that  the  surface  displacement  is  a  simple  sinusoid 

C  (t)  =  A  cos  n  t  (7) 

and,  further,  that 

kA  <  1  (8) 

Under  the  conditions  (4)  and  (8) ,  then ,  the  field  H  (— h)  can  be  approximated  by 

H  (-h)  »  H0  e  +lkh[l  +  i(|cA)  cosnt]  (9) 

That  is,  the  fluctuation  component  is  of  order  (kA) . 

III.  ANOTHER  SIMPLE  MODEL  DUE  TO  WAIT  (2) . 

Wait's  treatment  of  the  problem  as  a  boundary  value  problem  using  the  Leontovich  boundary  conditions 
was  described  in  reference  (1)  and  will  not  be  repeated  here.  The  surface  was  represented  by  a  spatial 
sinusoid  Acos(Kx) ,  and  the  application  of  the  Leontovich  boundary  conditions  required  that  the  Inequalities 

kp  >  1  p>.»  (10) 

be  satisfied,  where  p  is  the  minimum  radius  of  curvature  of  the  surface. 

By  appropriately  introducing  time  into  Wait's  formulation,  and  placing  the  observer  at  x  =  o,  Walt's 
first-order  approximation  (kA  <  1)  to  the  underwater  field  can  be  put  into  a  form  permitting  comparison  with 
Eq.  (9)  above: 


H  (-h)  «H0e  +lkh[l  +  i(kA)  e  +  W  cos  fit  J  (11) 

(The  frequency  0  is  an  app-oprlate  function  of  surface  wavenumber  K.)  The  new  feature  which  emerges  here 
is  the  exponential  factor  multiplying  the  fluctuation  amplitude  (kA) ,  This  factor  is  close  to  unity  as  long  as 
k  >>  K,  or  as  the  surface  wavelengths  are  much  larger  tl  an  the  skin  depth.  However,  as  the  surface  wave¬ 
lengths  shorten  and  become  comparable  to  the  skin  depth,  the  associated  signal  fluctuations  are  strongly 
attenuated;  the  more  so,  the  deeper  the  observer.  This  "filtering"  behavior  is  an  important  feature  of  the 
phenomenon,  and  will  emerge  again  in  the  more  complicated  treatment  to  follow, 

W.  A  FORMULATION  INCLUDING  THE  SEA  WAVE  SPECTRUM 

In  order  to  introduce  the  see  wave  spectrum  into  the  problem,  it  is  advantageous  to  utilize  the  con¬ 
ventional  Stratton-Chu  formulation  of  the  vector  boundary-value  problem  In  the  space  beneath  the  sea 
surface.  The  geometry  is  illustrated  in  Fig.  2  below: 
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The  observer  is  designated  as  O  and  is  located  at  the  point  r  at  a  depth  h  beneath  the  mean  surface.  It  is 
assumed  the  external  low-frequency  field  (P0,  fl0 )  is  that  which  would  exist  above  the  mean  surface  S0.  The 
electromagnetic  field  at  O  may  be  written  in  terms  of  the  field  quantities  just  under  the  actual  sea  surface  S 
(as  well  as  on  the  bottom  -  but  we  assume  this  to  be  far  enough  away  from  the  sea  surface  and  the_observer 
that  these  "surface"  elements  can  be  Ignored.)  Let  us  restrict  our  attention  to  the  magnetic  field  H  at  the 
point?.  This  can  be  written  (7) 


line  (n‘  x  E')<t>  (r,  7‘)  -  (n‘  x  H‘)  x  v ' <t>  (r,  r‘)  -  (n1  •  H')  v'<t>  (r,  T')J  dS' 


(12) 


The  prime  denotes  field  values  as  viewed  from  below  at  the  surface  3,  n‘ Js_the  outward-drawn  normal 
at  r' ,  and  e  is  the  complej:  dielectric  constant  e  „  +  o/lu)  of  the  sea  water,  <£  (r,  r*)  is  the  free-space 
Green's  function  for  the  water: 

4>(r,r')*e  ^  ^  ^ /4tt  jT  -  r' |  (13) 


where  -k  is  given  in  (2) . 

The  boundary  fields  E'  and  3‘  will  be  approximated  on  the  basis  of  the  following  simple  arguments. 
Under  most  situations  met  in  practice ,  the  primary  signal  above  the  water  will  originate  from  a  vertical 
radiator  in  the  far  distance ,  so  the  electric  field  will  be  mainly  vertical  and  the  magnetic  field  mainly 
horizontal.  Since  the  wavelengths  (thus  the  scale  of  major  variations)  of  the  fields  above  the  surface  are 
so  large  compared  with_the  "circle  of  major  influence"  from  which  contributions  to  (12)  are  collected,  the 
external  fields  E0  and  H0  may  be  viewed  as  quasi-static.  Due  to  the  high  conductivity  of  the  sea  water, 
the  sea  surface  S  may  be  viewed  as  a  quasi-equlpotential  and  local  perturbations  in  S  will  produce  local 
deformations  of  the  quasi-static  electric  field^Eo  as  it  attempts  to  remain  quasi-normal  to  the  surface.  The 
local  distortion  of  the  external  electric  field  E0  due  to  a  surface  perturbation  having  a  radius  of  curvature 
p  can  be  estimated  by  introducing  a  fictitious  electric  dipole  of  moment  p  =  4ne  0  p3  E0  at  the  center  of 
curvature.  The  relevant  magnetic  field  perturbation  due  to  this  oscillating  dipole  is  easily  shown  to  b®  of 
the  following  size: 


AH/Ho  a  k0  p  p  <  a 
AH/Ilo  «  k0  a  p  >  a 


(14) 


where  a  is  given  in  Eg.  (3)  and  k0  =  2n/\e.  Since  a  is  at  must  a  few  tens  of  meters,  these  perturbations 
are  Insignificant  and  H0  can  be  regarded  as  uniform  over  the  surface  above  the  point  of  observation.  More¬ 
over,  since  sea  water  is  non-magnetlc  and  imperfectly  conducting,  the  total  magnetic  field  is  continuous 
across  its  surface,  and  we  may  put 


H'  =  H0 


(15) 


in  Eq.  (12). 

The  only  other  field  quantity  entering  (12)  is  the  tangential  component  of  the  electric  field,  which  is 
also  continuous  across  the  surface.  The  Leontovich  boundary  condition  can  be  used  if  the  inequalities  In 
Eq.  (10)  are  satisfied,  and  we  write 

(n1  x  E')  =  (n‘  x  E0)  =  (k/o)  (n*  x  ft'  x  H0)  (16) 

which  casts  the  entire  Integrand  in  Eq.  (12)  in  terms  of  the  uniform,  unperturbed  external  magnetic  field  H0  . 
Generally  the  slopes  of  the  sea  surface  will  be  sufficiently  small  that  we  may  approximate  the  components 
of  the  surface  normal  n'  by  the  following  (x'0 ,  y'  0  refer  to  coordinates  on  S0): 


n1 


X 


ii 

ay0 


(17) 


Under  the  further  conditions  that 

kkl..*  <  1,  kh  >  1  (18) 

the  gradient  of  the  Green's  function  becomes,  to  first  order  in  k  |  C  |  u, 

v'd>  (r,  r')  a  v'4>  (r,~r0')  +  ;  (?„')  v‘  <J>  (r,  r0')  (19) 

Substituting  all  of  these  approximations  into  the  original  Integral  in  Eq.  (12)  produces  a  horrendous 
expression  of  rather  specious  generality.  We  will  not  record  here  in  detail  all  of  the  manipulations  required 
to  wrest  a  useful  result  from  this  formalism,  but  simply  outline  the  sequence  of  steps  taken. 


1.  Implicit  In  (17)  and  (18)  Is  the  requirement  that  the  perturbation  Q  of  the  sea  surface  be  small 
compared  with  the  wavelengths  of  both  the  sea  waves  and  the  subaqueous  signal.  For  this  reason 
we  retain  terms  only  through  first  order  In  Q  and  Its  derivatives. 


2.  A  subaqueous  observer  will  tend  to  orient  his  sensor  for  maximum  signal,  so  If  we  take  the  external 
magnetic  field  H0  to  lie  along  the  y--;\is,  we  will  select  the  y-component  e,  1  •  H  (r)  of  the  underwater 
signal. 

3.  As  long  as  the  motion  of  the  observer  is  small  compared  with_the  sicjinalveloclty  In  the  water,  this 
motion  can  be  Introduced  into  the  formalism  simply  by  replacing  r  with  r  +  Vt.  Moreover,  there  Is  no 
loss  of  generality  If  we  let  x  =  y  =  o  at  t  =  o;  i.e.  if  we  set  r  =  -  n6,  ,  where  h  is  the  depth  of  the 
observe!  , 

4.  Since  the  sea  surface  displacement  is  a  random  variable,  and  we  want  ultimately  to  express  It  in 
terms  of  its  spectrum,  we  replace  Q  (r0* ,  t)  by  Its  expansion  In  gravity  waves; 


C  (r0‘  ,  t)  =  ffdKS  (» 


i(K  •  r0'  -  n  (K)  t) 


where  n  is  related  to  K  by  the  dispersion  relation  for  (small-amplitude)  gravity  waves: 

na  (K)  =  g  |  K|  (21) 

with  g  the  acceleration  of  gravity.  The  wave  amplitude  $ (10  is,  of  course,  a  stochastic  variable, 

5.  The  integrations  involved  in  (12)  are  most  conveniently  performed  if  we  use  the  three-dimensional 
Fourier  transform  of  the  Green's  function: 


ro 

0(r,  r0 ')  =  jirfjjj 


d  q  — 


-iq  •  (r  -  r0 ') 
(k2-qa) 


where  ka  =  -  iu>u  a  *  -  lkx  2 ;  comparing  with  (2)  we  note  that  kj  =  ^2/6  . 

When  all  of  these  representations  and  approximations  and  specializations  are  put  into  Eq.  (12)  and  the 
simple  integrations  performed ,  we  find  that  the  magnetic  field  perturbation  may  be  written 


6H,<-h,V>  -  -I yjxe  (jj.-HK-V-OM.) 


/d«, [«•.,/ •] 

_  CD  ** 


[(k8  -  K3)  -  q,*] 


The  integral  on  q,  contains  a  pole  that  is  a  function  of  the  sea  wavenumber  K,  The  behavior  of  this  pole, 
and  the  appropriate  contour  for  performing  the  integration,  Is  shown  below 


Replacing  the  q2  integral  by  its  residue  at  the  pole  q,  =  +  (x8  -  Ka)1/a  ,  the  magnetic  field  perturbation  takes 
the  final  form 
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Amplitude  and  Spectrum  of  the  Field  Fluctuations 

The  sea  surface  Is  a  random  process  described  by  a  spectral  density  function.  Therefore,  we  are 
Interested  not  In  the  field  perturbation  for  an  Instantaneous  distribution  of  surface  heights,  but  rather  in 
the  rms  value  of  the  field  fluctuations  for  an  ensemble_average  of  the  surface  distributions.  The  random 
variable  in  (24)  is  the  (complex)  surface  transform  g  (i$  ,  and  the  random  process  is  stationary.  Let  us  first 
find  the  covariance  of  i  Hr  ,  which  is 


C„(h;T)  =<6H,(-h,t)  «H;(-h,t+  7 )> 

In  performing  the  averaging  on  the  RHS  of  (25)  we  encounter  the  ensemble  average  <£  (k)£*  (k‘  )>  . 
Note,  however,  that 

00 

<CC*>  =  <C3>  G(56 

a*  00 


(25) 


(26) 


where  G(K)  is  the  spectral  density  of  the  surface  heights  in  wave-number  space  (the  so-called  "power 
spectrum")  which,  this  being  the  surface  of  the  ocean,  is  the  oceanographers'  "directional  wave  spectrum". 
Comparing  with  (20)  we  may  write 


<<ff(iO<?*  (K')>  =  &(K-K')G(K) 


(27) 


which  reduces  (25)  to 


C,  (h;,|.  *  ‘2h  R* 


This  is  the  basic  expression  from  which  all  blessings  flow.  For  example: 

k,3  _  -2h  Re  (Vikj3  +  K9) 


<|  6Hr  (-h)  |3>  -  CH  (h;o)  =  ^^-JJ  dKG(K)  j  e 


(28) 


(29) 


is  the  mean  of  the  square  of  the  field  fluctuations.  These  may  now  be  referenced  either  to  the  surface  fields 
H0 ,  or  to  the  unperturbed  field  Huo  (-h)  existing  at  a  depth  h.  We  know  that 


|  Hu,(-h)  ja=  H0ae 


-2h  Re  (./Ik]ft 


(30) 


so  by  dividing  (29)  by  (30)  and  taking  the  square  root,  we  obtain  the  relative  magnitude  of  the  rms  field 
fluctuations  referred  to  the  unperturbed  field  at  depth  h: 


<|  6Hy(-h)|a> 

I  Hun  (-h)  | 3  _ 


1/3 


[(  dKG($ 


JJ 


ikta  +  K3  | 


-2h  Repik^  +  P-yik^l 


(31) 


We  see  that  this  measurable  quantity  depends  upon  depth  (through  h) ,  frequency  (through  kx)  and  the  state 
of  the  sea  (through  G(l&) . 

Next,  let  us  find  the  power  spectrum  of  the  fluctuations  by  taking  the  Fourier  transform  of  the  covari¬ 
ance  (Wiener-Khintchine  Relation): 


S(h,V;  o) 


-f  dT  CM  (h; t )  e  'i(BT 


(32) 


Substituting  from  (28) ,  we  get 


S{h,V;<u)-  -£-H03k  fjj  dKG(iO  Kn|  6  [(0  (K)  -K-V)  -u>]  e  _2h  Re  Ka') 


(33) 


This  in  a  very  intractable  expression  as  it  stands,  because  the  6  function  says  that  for  each  value  of  »  the 
integral  is  performed  over  those  values  of  K„  and  K,  satisfying  the  equation 


Tg’fK,3  4  Ky3) 1/4  -  K,  V,  -  K,V,  -  a:  =  0 


(34) 
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However,  the  picture  simplifies  significantly  for  a  stationary  terminal,  since  then  (34)  simply  selects  the 
magnitude  of  the  sea  wave  vector  K  corresponding  to  the  frequency  «  .  To  illustrate  what  this  means,  let 
us  make  tlje  transformation  from  Cartesian  to_Polar  coordinates  in  the  K-plane  by  setting  K*  =  KcosS,  Ky  = 
Ksin9,  G(K)-'G(K,8)  and  dK=KdKd@.  Putting  V  =  O  we  now  write 


S(h,o;<o)  =  ~  Hosk.^d6dKKG(K,0)  6  (n(K)-uj)e 


-2h  Re  (/lk!a+  K8)  (35) 


Here  the  K-integration  Is  trivial,  since  K  is  simply  replaced  everywhere  by  (u.-  Vg) ,  and  we  get 

_ _  2n 


r  (f>  -2h”er-a+?)i«o(f , .) 


However,  it  can  be  shown  that 
2tt 


ydeG(K,0)  =  k"3/SE  jw(K)] 


J?=i_  gB 

2  2  cuJ 


where  £(u>)  is  the  frequency  spectrum  of  the  ocean  waves  -  as  would  be  measured  by  a  wave  staff  at  a 
fixed  location.  Therefore  (36)  can  be  written 


S  (h,o;u>)  = 


;«)■  t  - — - 

4  IV+a.Vg2!  W 


-2h  Re  (7lkl2+  id4  /g3 


That  is,  the  power  spectrum  of  the  field  fluctuations  is  a  weighted  version  of  the  "power"  spectrum  of  the 
sea  waves  producing  the  fluctuations. 

The  reader  should  keep  in  mind  that  (38)  represents  the  fluctuation  spectrum  only;  that  is,  m=  o 
corresponds  to  the  signal  frequency  2xif0  .  Moreover,  S  contains  the  unperturbed  field  at  depth  1.  as  a  scale 
factor,  so  it  is  convenient  to  define  a  normalized  spectrum 


2(h,o;uJ)  »  SOi.o.-ou^Ho3  e  2h  Re  = 


=  T  (h;u>)  E(<u) 


where  we  have  now  displayed  the  electromagnetic  fluctuation  spectrum  as  an  operation  (transfer  function) 
T(h;u>)  upon  the  sea  wave  spectrum  E(oj).  Explicitly,  the  transfer  function  T(h;u>)  is 


T(h;a»)  =  - - 

4  w  ||kl»+ 


-2h  Re  ikj*  +  u;*/gz‘  -  J ikiSJ 


wVg3  | 


The  major  effect  of  this  transfer  function  is  to  attenuate  the  high-frequency  components  of  the  sea-wave 
spectrum.  That  is,  the  intervening  water  acts  as  a  low-pass  filter  for  the  sea-wave  components.  (The 
fluctuation  spectrum  2  doesn't  really  have  a  pole  at  »  =  o;  the  sea-wave  spectrum  is  such  that  $( u))/u>~  o 
as  m-  o.) 

The  high-frequency  roll-off  point  me  for  the  function  T(h;u>)  can  be  estimated  by  putting  the  argument 
of  the  exponential  factor  equal  to  unity: 


2h  Re  [./iki2  +  w*  /g2‘  -  ./lk,8]  =  1 


For  depths  h  >  6  ,  this  can  be  approximated  by 


•TS  k!  g3 


^kjgVh^  : 
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Another  interesting  result  is  found  by  substituting  Ka®=  u>„*/g8  into  (42)  and  rearranging  to  obtain 


V  Uhi'  A  0/n  (44) 

where  A„  is  the  sea-wave  length  corresponding  to  the  cut-off  frequency  wc .  Recognizing  the  LHS  of  (44) 
as  the  radius  of  the  "circle  of  major  influence"  defined  in  Eq.  (3) ,  we  conclude  that  only  these  sea  waves 
whose  lengths  are  equal  to  or  greater  than  the  diameter  of  the  "circle  of  major  influence"  will  contribute 
significantly  to  the  signal  fluctuations  at  a  submerged  terminal. 

V.  SOME  EXAMPLES 


To  obtain  some  idea  of  the  magnitude  of  the  electromagnetic  fluctuations,  let  us  consider  the  simple 
case  of  "swell",  for  which  the  directional  spectrum  in  (31)  can  be  written: 


G(ft  =  Aa  6  (K0-K) 


(45) 


where  tire  wave  is  a  simple  sinusoid  of  amplitude  A  and  propagation  vector  K0 . 

If  we  choose  the  reasonable  parameters  A=lm,  K0  =  0.04m  * ,  and  f0=  10kHz,  we  obtain  from 
Eq.  (31); 

lV2 


<|  6H  |2> 
|Hunj2 


»  0.28  e 


h 

1000 


(46) 


Thus  the  magnitude  of  the  fluctuation  is  not  insignificant,  and  the  dependence  on  depth  is  very  weak  (and 
consistent  with  the  last  paragraph  of  the  previous  section.) 

In  this  simple  case  we  can  use  Eq.  (33)  directly,  and  find  the  spectrum  for  a  moving  terminal: 


S(h,V;cu)  =  H0S  (kiA)s  e  “°  * 25h  6  [(0  (K0)  -  K„  •  V)  -  <u]  (47) 

The  spectrum  in  this  case  shows  a  Doppler  shift  depending  upon  the  relative  motion  of  the  observer  and  the 
wave.  We  would  expect  a  similar  shift  in  the  components  of  the  continuous  sea -wave  spectrum  in  a  wind- 
driven  sea. 


By  choosing  a  particular  form  for  the  spectrum^  («) ,  we  can  illustrate  the  effect  on  the  electromagnetic 
fluctuation  spectrum  of  changing  depth,  signal  frequency  and  wind  speed.  This  has  been  done  in  Figs.  3, 

4  and  5  for  the  so-called  Pierson-Moskowitz  spectrum  (8) 


=  8.1  x  10-3  g8u)"e  e 


-0.74  (Cl 0/u>)4 


(48) 


where  O0=  g/W,  with  W  the  wind  speed  in  m/sec.  For  w  well  above  fi0 ,  the  argument  of  the  exponential 
factor  vanishes,  and  the  spectrum  is  controlled  asymptotically  by  u-6.  This  asymptotic  behavior  has  been 
sketched  (relative  ordinate)  on  each  Figure  to  illustrate  the  nature  of  the  high-frequency  roll-off. 

Since  S  is  the  fluctuation  spectrum  only,  the  complete  signal  spectrum  would  contain  a  6  function 
at  the  origin,  corresponding  to  the  unperturbed  signal  at  frequency  f0.  Since  the  fluctuations  are  essen¬ 
tially  an  amplitude  modulation  of  the  steady  signal,  we  would  expect  symmetric  sidebands  for  a  stationary 
observer.  However,  this  symmetry  is  destroyed  in  a  complicated  way  if  the  observer  is  in  motion  with 
respect  to  the  directional  spectrum  of  the  sea  waves  j[see  Eq.  (34);  in  fact,  if  the  observer  were  to  move 
under  the  sea  with  the  wind  velocity  above  the  sea  (W; ,  we  might  expect  the  unperturbed  signal  spike  to 
move  into  the  center  of  one  of  the  spectral  bumps  displayed  in  Figs.  3,  4  and  5. 
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Fig  3.  Fluctuation  Spectrum  vs.  Signal  Frequency  f0  (W  =  15  knots,  h  =  10m) 


Fig.  4.  Fluctuation  Spectrum  vs.  Observation  Depth  h  (W  =  15  knots,  f0  =  10 kHz) 


Fig.  5. 


Fluctuation  Spectrum  vs.  Wind  Speed  W  (h  =  Sm,  f0  =  10kHz) 
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DISCUSS! OK  OK  THE  PAPERS  PRESENTED  IN  SESSION  III 
(Air  Sea  Interface) 


Discussion  on  paper  16  :  "Spectral  characteristics  of  H?  ground  wave  signals  backscatte- 
-  red  from  the  sea?  by  D.D.CROMBIJB,  J.M.  WATTS  and  W.H.  BEERY  . 

Dr.  <T.R.  WAIT  :  Have  you  observed  zero  doppler-shifted  echoes  on  occasions  ?  A  second 
order  theory  would  predict  the  existence  of  this  .  (J.R.WAIT.ESSA.Repoit.OBr2, 1969) 

Dr.  D.D.CROMBIE  j  Yes  tut  it  has  not  yet  been  possible  to  determine  whether  it  comes 
from  the  sea  . 

Dr.  W,  HALLIDAY  :  1 )  Have  doppler  shifts  from  moving  surface  waves  been  observed  at  fre¬ 
quencies  signific.'oitly  lower  than  those  in  the  MHz  range  dealt  with  .  The  smaller  shifts 
(in  Hz)  might  be  offset  by  the  higher  velocity  of  the  longer  ocean  waves  .  Velocities 
of  100  -  200  knots  are  possible  .  However  the  amplitude  of  these  long  waves  is  low  . 

2)  How  do  the  results  of  radio  measurements  of  wave  size  and  velocity 
correlate  with  those  using  ordinary  physical  measurements  . 

Dr.  D.D.  '■’ROKBIE  s  Use  of  frequencies  down  to  a  few  100  kHz  would  allow  most  wind  waves 
to  be  observed  .  Waves  having  speeds  of  100  -  200  knots  fall  in  the  Tsunani  range  have 
wavelengths  of  100  s  of  km.  BLF-VIF  transmission  would  have  to  be  used  to  see  these  . 
However  they  might  have  scmme  effect  on  the  spectra  of  shorter  waves  observed  with  higher 
frequencies  . 

Prof.  I.  RANZJ  :  By  measuring  the  phase  variation  of  backscatterea  radio-waves,  we  obser¬ 
ved  some  years  ago,  that  the  radiowaves  backscattered  from  the  coastaj.  3ea  present  no 
phase  variation  but  a  periodic  fading,  having  a  frequency  equal  to  the  doppler  frequency 
shifted  from  the  ope::  sea  .  We  thought  that  this  was  due  to  a  system  of  stationary  sea 
waves  which  is  present  at  the  coastal  boundary  .  Did  you  observe  anything  similar  ? 

Dr.  D.D.  CROKBIE  j  When  one  looks  at  the  total  received  amplitude  (without  frequency  re¬ 
solution)  beat  between  stationnary  echoes  and  Doppler  shifted  sea  echo  will  cause  the 
amplitude  to  vary  at  the  Doppler  frequency  .  When  both  approaching  and  receeding  waves 
are  present  they  will  also  beat  giving  an  amplitude  variation  at  twice  the  Doppler  fre¬ 
quency  . 

Prof.  J.  RAN2I  :  An  important  point  is  the  dependence  of  the  backscattering  cross  section 
on  the  seastate  and  its  variation  with  the  radio  frequency  .  We  observed  that  sucn  a  de¬ 
pendence,  which  is  very  strong  at  low  frequencies  (2  KHz)  is  rapidly  vanishing  at  fre¬ 
quencies  higher  than  20  MHz  . 

Dr.  D.D.  CR0MB1S  :  I  have  one  reason  for  thinking  that  for  fully  developed  seas  the  spec¬ 
tral  density  at  short  wavelengths  is  constant  .  This  would  account  for  your  observations. 

Dr.  G.  FRANCESCHETTI  :  Is  there  any  hope  to  measure  the  transverse  Doppler  shift  ?  (I 
suppose  this  is  an  academic  question,  since  the  deviation  should  be  extremely  small.) 

Dr.  D.D.  CROMBIE  j  No  . 


Discussion  on  paper  17  :  "The  reflectivity  of  the  sea  surface  at  radar  frequencies",  by 
W.  SCHONFELD  - 


Prof.  R.  MOORE  :  We  (and  others)  find  a  frequency  spacing  (i50/t)MHz  for  statistically 
independent  samples,  where  D  is  range  dimension  of  the  target  .  Thus,  for  clutter  D  is 
range  cell  of  radar  (cx/2),  whereas  for  small  targets  D  is  their  range  dimension  . 
Question  :  ’What  is  pulse  length  ? 

Prof.  W.  SCHONFELD  :  We  made  measurements  in  the  X  band  wi^h  frequency  differencies  bet¬ 
ween  0  ar.d  800  KHz  .  From  a  difference  of  >  80  KHz  we  have  no  significant  difference  in 
behaviour  . 

The  pulse  length  was  200  nanoseconds  • 


Discussion  on  paper  18  :  "The  interaction  of  KF/VHF  radiowaves  with  the  sea  surface  and 
its  implications,  by  D.  BARRICK  , 


Dr.  C.T.  SWIFT  :  1)  Doc3  the  theory  you  presented  predict  the  return  of  signals  scattered 
by  ocean  waves  of  length  ch/ 2  as  suggested  by  Mr,  CROKBIE  ? 

2)  Have  you  calculated  the  depolarized  component  using  a  second  order 
pert’irbation  expansion  . 
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Dr.  D,E.  BARRICK  s  1)  No,  the  first  order  ocean  wave  theory  did  not  include  this  effect  . 
Use  of  a  second  order  spectral  estimate  shows  scatter  from  the  "root  two"  component,  or 
from  waves  sf  length  nl/2  where  n  -  2  . 

2)  I  have  not  interpreted  depolarization  at  »F  from  the  theory,  since 
vertical  polarization  is  much  more  important  in  ground-wave  systems  at  there  frequencies. 
In  the  microwave  region,  reference  15  of  the  text  discusses  depolarization  effects  dedu¬ 
ced  from  this  theory  . 

Dr.  J.R.  'il! IT  s  this  paper  appears  to  be  a  iundamental  contribution  .  However  I  believe 
the  power  scattered  into  the  higher  order  grating  modes  (i.e.  m  and  n  >  0)  may  not  be 
properly  accounted  for  in  the  deterministic  calculation  for  the  attenuation  of  the  total 
ground  wave  over  a  rough  spherical  earth  . 

Dr.  D.E.  BARRICK  :  For  the  purnoses  of  simplicity  in  the  paper,  I  defined  the  effective 
surface  impedance  A  as  A  +  Aoo  with  little  explanation  .  Looking  at  the  roughness  con¬ 
tribution,  A00,  it  is  not  obvious  that  higher-erder  modes  (  i.e.,  m,  n>0)  are  properly 
accounted  for  .  An  alternate,  and  perhaps  mere  meaningful  way  of  defining  A  places  in 
evidence  the  role  of  these  higher-order  modes  .  This  definition  is  based  upon  a  fact 
pointed  out  by  Norton  and  Wise  in  1937  for  dipole  radiation  over  a  flat  plane  :  the  ratio 
between  tin  Poynting  vector  downward  into  the  surface  to  the  loynting  vector  in  the  for¬ 
ward  direct,  on  at  the  rurface  is  identically  the_pormalized  surface  impedance  (to  the 
first  order)  .  If  we  employ  this  definition  for  A  and  compute  the  Poynting  vectors  ave¬ 
raged  spatially  over  (at  last)  one  period  of  the  surface,  we  obtain  identically  the  same 
result  for  A  ,  i.e.,  A  +  A00  . 

Furthermore,  if  we  compute  the  total  upwrvd  Poynting  vector  at  the  surface  (representing 
the  complex  power  density  scattered  into  tKe  upper  half-space  by  all  propagating  and  eva¬ 
nescent  modes  with  m,  n  >  0)  and  divide  by  the  forward  Poynting  vector,  the  result  is  AqC 
In  others  words,  the  addition  o f  the  effective  surface  impedance  produced  by  roughness  is 
actually  the  result  of  scattering  in  all  modes  into  the  upper  half  space,  the  real  par-1 
of  2  being  contributed  by  the  upward  propagating  modes,  while  the  reactive  part  of  A  . 
contributed  oy  tve  upward  evanescent  modes  .  As  a  third  chock  on  tne  technique,  Feynberg 
(1944)  derivt  ’  similar  result  (neglecting  conductivity)  for  radiation  over  slightly 
rough  plane,  using  perturbation  with  an  exact  integral  equation  formulation  for  the  fields 
T1  I  convert  my  A  into  an  effective  surface  conductivity  and  allow  the  actuul  ohmic  con¬ 
ductivity  to  approach  infinity  in  my  equations,  J  obtain  identically  the  same  result  as 
Feynberg,  indicating  that  two  entirely  different  formulations  lead  to  the  same  result  ’. 

I  prefer  my  formulation  because  I  feel  it  allows  a  clearer  physical  interpretation  of  the 
local  interaction  mechanism  with  the  surface  . 

The  remaining  question  concerns  the  use  of  A  ,  or  effective  independence  boundary  condi¬ 
tion,  valid  strictly  only  for  flat  surfaces,  in  a  formulation  for  a  spherical  surface 
such  as  the  earth  .  Strictly  speaking,  for  a  sphere  only  moderately  large  in  terms  of 
wavelength,  such  an  approximation  is  not  possible  and  or.e  must  U3e  instead  "modal  impe¬ 
dances"  which  differ  for  every  term  of  the  exact  Mie  series  solution  .  For  very  large 
spheres,  however,  (such  as  the  earth  at  HF)  the  Watson  transformation  of  the  Mie  series 
art  •'ts  ensuing  asymptotic  evaluation  show  that  the  modal  impedances  of  importance  in  the 
soiuoion  are  very  well  approximated  by  using  a  simple  "flat-plane"  impedance  in  place  of 
them  (Found  in  many  works  by  va..  der  Pol,  Bremmer,  and  Wait)  .  This  flat-plor.e  impeuance 
is  the  n  enp.oyed  to  find  the  poles  of  the  integrant  and  hence  their  residues,  as  used 
in  the  residue  series  solution  .  Stated  simply,  for  a  very  large  sphere,  the  diffracted 
wa/e  interacts  with  the  surface  locally  (i.e,,  over  two  or  three  "numerical  distances") 
as  though  the  surface  were  fiat  . 

Obviously  it  would  be  more  satisfying  and  correct  to  perturb  the  solution  for  a  spherical 
earth  rather  than  that  for  a  plane  earth  ;  this  would  provide  errors  bounds  on  the  "first" 
order"  approximation  used  here  .  Algebraic  complexity  has  thus  far  precluded  my  solution 
to  this  more  exaci  problem  . 

Prof.  R.X,  MOORE  ;  1)  What  is  effect  of  ionosphere  ? 

2)  How  about  Doppler  shifts  on  through  ionosphere  or  ionosphere-reflec¬ 
ted  waves  ? 

Dr.  D.E,  HERRICK  :  1'  The  ionosphere  will  aefinitively  pose  limitations  on  propegation 
to  a  satt  ili'.e,  especially  in  the  lower  HF  region  and  during  the  day  time  .  I  discuss 
this  further  in  the  written  text  . 

2)  We  investigated  Doppler  broadening  due  to  through-ionosphere  propa¬ 
gation  and  found  it  to  be  negligible  compared  to  the  expected  satellite-motion-induced 
Doppler  shifts  .  Ioro3pi.cricaliy-reflected  waves  can  be  a  problem,  and  one  would  hence 
use  short  pulses  and  gating  techniques  to  eliminate  this  niltipath  problem  '. 

rr,  A.W.  bIGGD  :  Have  you  compared  your  paper  with  similar  studies  by  Yabroft  (S.R.I.) 
ubo\  c  4  -  5  years  ago  V 

Dr.  D.E.  BARRICK  :  I  have  c-mpared  my  results  with  other  theories  appearing  in  the  open 
liteioture  and  comparisons  of  these  results  are  found  in  the  written  paper,  and  also  in 
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reference  13  of  that  paper  .  I  an  not  aware  of  the  abo^e  work,  and  if  I  can  obtain  the 
pertinent  report,  I  shall  be  most  interested  in  making  such  a  comparison  .  Thank  yon  for 
calling  attention  to  this  work  . 


Discussion  on  paper  20  i  "Worldwide  oceanic  wind  and  wave  forecasts  using  a  satellite  ra¬ 
dar  radiometer",  by  R.K.  MOORE  and  W.J.  PIERSON  . 


Dr.  J.W.  WRIGHT  j  Data  obtained  both  with  radar  over  the  sea  at  400,  1200,  4400,  2900  KHz 
and  9300  and  24  000  MHb  in  a  wave  tank  show  that  cros3-seetions  at  a  given  Bragg  wave  num¬ 
ber  are  the  same  for  depression  angles  less  than  70°  .  Thus  the  wind  apeed  dependence  of 
the  cross-section  at  13,3  GHz  and  55°  depression  angle  should  be  much  like  that  at  30°  at 
8.9  GHz  ,  For  the  latter  case  NR1  results  in  the  North  Atlantic  and  Puerto  Rico  show  a 
wind  speed  dependence  of  about  (V  wind)*®  for  wind  speeds  between  10  and  50  knots  . 

Prof.  R.K.  -MOORE  :  (from  the  magnetic  tape) 

According  to  what  I  know  about  the  two  systems,  I  am  more  confident  with  the  data  13.3 
than  I  am  of  the  NRI>  data  8.9  . 

However  I  believe  that  if  the  phenomena  are  quite  frequency  sensitive,  it  seems  reasona¬ 
ble  to  consider  that  ,  then  we  must  consider  going  to  the  shorter  wavelength  of  cour¬ 

se  we  don't  know  what  is  the  best  two  and  a  quarter,  two  one  and  a  half  or  2.75  centime¬ 
ters  .  But  it  does  not  appear  that  2.5  is  the  best  ,  3.3  could  be  the  best  using  the  NR1 
data  .  On  x'ne  other  hand  if  I  look  the  KRL  data  I  can  go  to  the  conclusion  that  the  wind 
speed  dependency  is  of  •'ne  half  power  of  the  velocity. 

Dr,  D.E.  BARRICK  j  It  would  seem  that  unfortunatly  the  higher  sea  states  and  wind  speeds 
would  be  often  accompanied  by  heavy  cloud  covers  and  rain  .  Is  two-way  propagation  from 
a  satellite  through  rain  to  the  earth  a  significant  system  limitation  ? 

Prof.  R.K.  MOORE  j  No  .  The  number  of  hours  year  with  rain,  heavy  enough  to  cause  atte¬ 
nuation  more  than,  says  5  dB,  is  at  worst  less  than  IOC  and  is  far  le3S  in  most  places  . 
Most  of  the  interesting  effects  are  in  cloud-covered  areas  but  cloud  attenuation  is  not 
important  at  near  vertical  angles  of  transmission  proposed  here  . 


Discussion  on  paper  22  :  "Slectromagnexic  field  fluctuation  in  transmission  through  the 

surface  of  the  sea",  by  1.3.  WETZEL  . 


Dr.  D.E.  BARRICK  :  In  the  perturbation  approach  you  employed,  does  the  ocean  wave  height 
have  to  be  small  compared  to  the  radiowavolength  inside  the  sea  water  ? 

Dr.  1.  WETZEL  :  Yes  .  As  indicated  in  the  first  slide,  this  condition  is  satisfied  over 
a  rather  large  range  of  wind  speeds  for  the  span  of  frequencies  from  E.L.F.  up  to  L.F. 
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SUMMARY 


Determining  the  salinity  of  sea-water  samples  from  conductimetric  measurements 
raises  the  problem  of  the  contribution  of  each  ionic  species  present  to  the  overall  electric  conducti¬ 
vity. 

Experimental  results  indicate  that  this  contribution  varies  appreciably  with  the  nature 
of  the  electrolyte,  which  implies  a  certain  amount  of  uncertainty  regarding  the  salinity  values 
obtained  through  routine  measurements  when  Dittmar's  law  is  not  strictly  checked. 

The  experimental  law  used  leads  to  determining  the  partial  equivalent  conductivity  of  the 
main  ionic  sea-water  components,  even  in  the  case  of  hydrated  or  thermally. unstable  salts. 


DE  L' INFLUENCE  DES  ECARTS  A  LA  LOI  DE  DITTMAR 


SUR  LA  CONDUCTIVITY  ELECTRIQUE 
DE  L'EAU  DE  MER 


A.  Poisson  et  J,  Chanu 
Laboratoire  d 'Oc6anographie  Physique 
FacultA  des  Sciences  de  Paris 
9  Quai  StBemard  -  Paris  5  feme 

Laboratoire  de  Thermodynamique  des  milieux  ioniques  et  biologiques 
43  rue  Cuvier  -  Paris  5  Ame 
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La  determination  de  la  salinity  dee  Achantillons  do  l'eau 
de  mer  A  partir  des  mesuros  conductim6triques  soulAve  le  pro¬ 
blems  de  la  contribution  de  cheque  espAce  ionique  presents, 

A  la  conductivite  Alectrique  globale. 

lee  rAsultate  experimentaux  obtenus  par  addition  d'un 
dlectrolyte  A  l'eau  de  mer  inontrent  quo  cette  contribution 
varie  notablement  avec  la  nature  de  1' electrolyte,  ce  qui 
permet  do  prdvoir  une  incertitude  sur  les  valours  de  la  sa¬ 
linity  obtenue  dans  les  mesures  do  routine  lorsque  la  loi  de 
Dittmar  n'ent  pas  rigoureueement  vArifiAe.  La  mAthodo  oxpAri- 
mentale  utilisAe  conduit  A  determiner  les  conductivitAs  Aqui- 
valentee  partielles  des  principaux  constituante  saline  de 
l'eau  de  mer,  m$mo  dens  le  cas  des  eels  hydratAs  ou  ther- 
miquement  ins tables. 


1  .  INTRODUCTION 


La  salinity  S°/oo  demeure  l'un  des  paramAtree  fondamentaux  our  lequel  repose 
encore  1* identification  des  masses  d'eau  de  l'oe6an  mondial  et  1* evaluation  de  la  density 
utilisAe  en  hydrodynamique  marine.  Actuellement  les  selinomAtres  bas6s  sur  la  determina¬ 
tion  de  la  conductivity  K  eont  universellement  employes  dan3  les  meBures  de  routine, 
car  cette  grandeur  est  etroitement  lies  A  la  composition  ionique  du  milieu. 

Si  la  loi  de  Dittmar  eteit  rigoureuse,  il  existerait  un  rapport  constant  entre  lee 
concentrations  des  diffArentes  espAceo  ioniques  et  la  salinite  ;  les  anciennee  mesuree 
de  chlorinite  auraient  alorp  pormie  d'eetimer  la  salinite  aveo  une  grande  precision.  Mais 
cette  loi  n'est  qu’approchee  et  la  oonduotivite  eat  beauooup  plus  etroitoment  corr6iee  A 
la  salinite  que  la  chlorinite  (Cox  et  coll.  ISfist1').  Toutefoie  la  correspondence 
K  •*  S°/,c  25/oo**  K  n'etant  pas  biunivoque,  des  echantillons  de  salinitAs  differentes 

peuvent  avoir  m§me  conductivite ,  de  m8me  que  des  eaux  ne  presentant  pas  exactement  la  mfl- 
me  conductivite  pourraient  avoir  la  mSme  salinite. 

Afin  de  recueillir  des  informations  precises  A  partir  de  la  mesure  de  la  conductivity 
K  ,  il  est  done  de  premiers  necessity  de  determiner  aveo  exactitude  la  maniAre  dont  elle 
varie  en  fonction  de  la  teneur  de  I'eau  de  mer  en  see  principaux  constituents.  Le  travail 
presente  ici  a  trait  A  1'6'cude  de  cette  importante  question. 

Dans  1'hypothAse  oA  I'on  considers  un  echantillon  d'eau  de  mer  artificielle  obtenue 
par  dissolution  de  j  electrolytes  dans  I'eau  on  peut,  aveo  lewier.2),introduire  la  conduc¬ 
tivity  molaire  partielle  du  eel  i  par 

(1)  Ai  = 


o A  L  designe  la  conductance  de  I'eau  de  mer  et  n  le  nombre  do  moles  de  see  divers 
constituents. 


La  conductivity  molaire  partielle  du  constituent  eau  s' exprime  dans  ces  conditions 


A  -  (JU1  ) 

^eau  P’*»ni 


Ces  grandeurs  representent  le  taux  de  variation  de  la  conductance  de  1' echantillon 
considere  rapporte  A  une  mole  de  cheque  constituent. 


2  .  CONSIDERATIONS  THEORIQUES 

Dans  1' etude  des  conductivitAs  molaires  partielles  le  cas  des  syst Ames  A  constituents 
multiples  peut  6tre  extrapole  A  partir  de  considerations  sur  lee  systdmeo  binaires. 

D'une  part  en  electrochimie  on  dAfinit  la  conductivity  molaire  TV  elect.  d'une  solu¬ 
tion  aqueuee  d'un  eel  indApendamment  de  la  prAsence  du  solvent  par 
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Si  on  utiliue  In  definition  do  la  oalinitd 
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lea  relations  obtenues  eont  tr£s  complexes  et  peu  maniables. 


le  problems  quo  nous  nous  sommes  poed  se  ramdne  done  &  Is  determination  dee  conduc¬ 
tivity  partielles  et  lee  valeure  obtenues  seron*  donndes  dans  lo  paragraphs  4. 


3  .  MET30DB  EXPERIMENTALE 


3.1  Montage  experimental 

Nos  meoures  de  conductance  ont  6td  faites  &  l'aide  d'un  pont  de  Kohlrausch  qui,  1 
dans  le  domaine  de  concentration  explore  presents  une  sensibilitd  de  l'ordre  de  2 . 1 0"2(|j0)" 
Cette  sensibilite  nous  imposait  une  stabilisation  de  la  temperature  de  l'ordre  de  quelques 
millidmes  de  degre  C.  Pour  atteindre  ce  rdsultat  un  bain  thermostatique  d  deux  etages  a  et6 
rdalied.  la  regulation  du  premier  dtage,  soigneusement  calorifugd,  est  obtenuo  par  chauf- 
fage  intermittent,  commandd  par  un  thermomdtre  d  contact,  du  liquide  de  circulation.  Ce 
dernier  eet  eoumis  en  permanence  d  un  apport  continu  de  froid. 

Le  premier  etage  assure  la  stabilite  thermique  d'un  recipient  on  laiton  rempli  d'hui- 
le  de  faible  constants  didlectrique  contenant  la  cellule  de  mesure  et  qui  constitue  le  se¬ 
cond  etage  du  bain  thermostatique. 

Ce  proeddd  assure  avec  une  efficacite  suffisante  1 'amortissoment  des  oscillations 
thermiquee  d  l'intdrieur  de  la  cellule  de  mesure. 

La  cellule  utilisde  dont  ’sb  electrodes  dtaient  pliitindes  suivi  i  ‘  la  methods  de 
Jones  et  Bollinger(l 935 ) \4) ,  a  dtd  associde  d  un  erlenmeyer  de  un  litre  formant  rdservoir 
((?.  paragraphs  3.2). 


3 .2  Technique  de  mesure 


Nous  avone  dans  un  premier  tempo  verifid  la  mdthode  de  Connors  et  Weyl  (1968) (5), 
Pour  obtenir  la  conductive  t6  equivalents  partiolle  _7\.^  de  1*  electrolyte  i  ,  des  masses 
connues  du  sol  dissous  dans  l'eau  de  mer  de  rdfdrenc©  oont  succeseivement  ajoutdes  d  un  m6- 
me  dchantillon  de  cette  eau  de  mer,  Des  variations  dx,  correspondent  au  nonbre  d' equiva¬ 
lents  Ani  ajoutd,  on  ddduit  alore  par  la  formula 


(13) 


nr*0 


od  v  et  v^  sont  respectivement  le  volume  massique  de  l'eau  de  mer  de  reference  et  le  vo¬ 
lume  equivalent  partial  du  ael  i  dans  cette  eau  de  mer.  Lee  volumes  sont  calculds  par  la  me¬ 
thods  de  Duedall  et  Weyl  (1963) (6), 


La  mdthode  de  Connors  ne  va  pas  sans  inconvdnients ,  notamment  lorsqu'il  faut  faire 
appel  aux  eels  hygroscopiques  ou  thermiquement  instables.  Nous  avons  prdfdrd  introduire  des 
masses  connues  d'une  solution  aqueuse  prdalabloment  dosde  d'un  sel  (solution  primaire)  dans 
\m  mfimo  dchantillon  d'eau  de  mer  de  r6f6rence,  ce  qui  revient  &  ajouter  d  n,  equivalent  du 
ael  i  et  Aneau  equivalent  d'eau  par  gramme  d'eau  de  mer  de  rdf6rence. 

La  conductance  d'un  gramme  d'eau  de  mer  se  ddduit  de  la  relation  (5)  et  s'dcrit 
(14)  l  =  xv  . 
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Si  (m^)  est  la  molalitd  de  la  solution  du  sel  i  d 'dleotrovalenee  ojoutd  A 

l'eau  de  mer,  on  a 
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Lea  yaleura  de  v  ,  v  et  v^  ont  6t6  ddduites  des  r6sultats  de  Duedall  et 
Weyl  (1967)'®'.  On  a  dgalement  utilisd  la  methods  de  Milloro  (1969)'?)  pour  eatimer  lee 
valeura  de  v^  . 


L'eau  de  mer  artificielle  employee  dans  lea  experiences  ,  a  6t6  prdparde  auivant  le 
procAdd  pr6ccnisd  par  Keeter  et  noli.  (196?)'®)  selon  la  formule  de  Lyman  et  Fleming 
(1940) (9'.  i/ee  salinit6s  ont  6t6  ddtermindee  4  l'aide  d'un  "thermostat  salinity  meter"N.X.0, 


4  .  RESULTATS  ET  DISCUSSION 


Dana  le  tableau  I  nous  avons  rpaeembl.6  loa  rdsultata  obtenue  dans  la  determination 
des  oonduotivit6s  dquivalentes  partiellea  /\.  das  prinoipaux  electrolytes  qui  entrant  dens 
la  composition  de  l'eau  de  mer  artificielle. 


Table tu  I 


- c 

Electrolyte 

U 

V. 

1 

Duedall 

b. 

Vi 

Millero 

Ai  U 
( 6q. 17 ) 
v^  Duedall 

cm^  fr'l6q-^ 

Ai  ^ 

_  Uq.17) 

v±  Millero 
cm^  0“  1 

NaCl 

18,90 

16,60 

79,0 

78,9 

NaBr 

23,50 

. 

82,3 

NaF 

-2,30 

35,5 

HaHCOj 

27,07 

21  ,70 

40,0 

39,8 

KC1 

29,20 

26,80 

100,8 

100,7 

KSr 

33,70 

104,7 

khco3 

37,38 

31,90 

61  ,7 

61,3 

MgCl2 

9,81 

7,25 

63,9 

63,8 

CaClg 

11,00 

8,85 

67,9 

67,9 

3rCl2 

8,95 

- 

67,4 

Nag 30^ 

10,52 

5,75 

44,7 

44,4 

k2so4 

20,82 

15,95 

67,9 

67,6 

MgS04 

1,43 

-3,60 

29,0 

28,8 

Lea  volumes  equivalents  partiele  qui  intbrvionnent  dans  nos  colculo  (cf.  6q,('7)) 
figurent  dans  les  colonnee  2  et  3  et  permetter.t,  sur  la  baoo  de  nos  donndes  oxp6rimentaloo 
d'atteindre  les  valeura  des  A4  des  colonnos  4  et  5. 

L*  ensemble  de  ceo  reoultats  appello  plilcieurs  remarques  : 

a)  Uno  imprecision  relativsmont  grande  sur  1 'appreciation  doe  volumes  equivalents 
partiels  dee  electrolytes  (cf.  colonnos  4  et  5)  ne  retentit  pas  d'un©  manidro  notable  our 
loo  conduc tivitds  partielles  et  ne  ddpassent  pas  on  importance  les  erreure  do  meoure. 

b)  D'uno  manifire  g6n6rale,  l'errour  commioe  our  lec  determinations  experimental es 
demeure  de  l'ordro  do  grandeur  de  celles  que  signalont  Connors  et  Weyl' 5)  dans  lour  propro 
experimentation . 

c)  Une  comparaison  significative  do  nos  r6eultato  nvec  l’ensomblo  des  travaux  effec¬ 
tive  done  le  ir.8mo  domaino,  noramment  coux  de  Connors  ot  Voyi'5)f  ou  nnno  <jos  Nominee 
connoxoe  no  peuc  8tre  envisage©  quo  dans  lo  codro  d'uno  analyoo  d6taill6e  d 00  mesuree 


directos  lide  A  1 1 dtablissemcnt  de  formules  do  lissage.  Cette  question,  qui  ne  pout  8tro 
abordAe  ici,  sera  prdsontde  dans  une  publication  ultdrieure. 

Dons  le  tableau  II  on  a  calculi  les  differences  dee  conductivity's  6quivalentos 
partielles  des  electrolytes  poesddant  un  ion  commun.  Pour  cheque  couple  d'ions  corrpares, 
on  obtient  un  ordre  de  grandeur  bien  caract6ristioue  de  ce  couple,  lequol  constitue  une 
fraction  souvent  trAo  consequents  dee  conductiviteo  dquivalontos  partielles  prop roo  dee 
electrolytes  envisag6s. 

Ce  r6sultat  important  justifie  l'intdrSt  quo  X*on  doit  porter  &  1‘dtude  du  problAme 
que  nous  avons  aborde  ici,  A  savoir  de  1' influence  des  dcartc  A  la  loi  de  Dittmar  sur  la 
conductivite  globale  mesuree,  eu  dgard  aux  informations  que  l’on  a  prie  1' habitude  d'en 
tirer  sur  la  composition  de  1'eau  de  mar. 


Tableau  II 


A, 

+0, • 
v±  Duedall 

At 

_+0,56q. 
v.  Millero 

i 

A(X+-Na+)Br" 

22t4 

A(K+-Na+)C1~ 

21  ,8 

21,8 

EJ2E82HB 

23,2 

23,2 

A ( K+-Na+ ) HC0~ 

HHI 

21,5 

!L  (M§+-Na+)Cl“ 

-15,1 

-15,1 

-15,7 

.-15,6 

HOI 

-34,5 

A(so^-ci“)k+ 

-32,9 

-33,1 

A(30J"-C1“)m|+ 

-34,9 

-35,0 

A(HC0"-Cl")Na+ 

-39,0 

-39,1 

A(hco"-ci“)k+ 

-39,1 

-39,4 

Notons  pour  terminer  que  la  comparaison  effectude  ici  sur  des  couples  de  grandeurs 
expArimentales  eembl6,  u.ux  erroura  d' experience  prAs,  beaucoup  plus  significative  que  cel¬ 
lo  faito  A  partir  de  grandeurs  ’.settee  de  formules  de  liesoge  (Connors  et  Weyl) (5),  Toute- 
foie  ce  travail  n*est  en  fait  qu'uno  etapo  dans  l*6tude  du  probldmo  pose  car  il  ost  evi¬ 
dent  que  c'est  au  niveau  des  conductiviteo  icniqueo  partielles,  problAme  non  encore  rdso— 
lu  de  raoniAre  oatisfaisanto  dans  lee  melanges  &  composonte  multiples,  que  lee  renseigne - 
mente  que  l'on  pourra  recueillir  eeront  los  plus  instructifs. 
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SIM-5ARY 


The  various  types  of  waves  which  can  propagate  in  any  nedia  depends  on  the  types  of  energy  storage 
ncdes  which  the  media  can  support  and  on  the  physical  mechanisms  available  by  which  energy  can  be  ex- 
changed  between  the  different  energy  storage  modea,  A  different  type  of  wave  is  supported  by  each  com¬ 
bination  of  energy  storage  modes  lor  which  two-way  energy  exchange  mechanisms  exist.  The  greater  the 
number  of  different  energy  storage  nodes  which  can  interact  the  more  complex  the  wave. 

In  the  ocean  medium  the  energy  storage  modes  available  are  the  : 

l)  electric  field,  2)  magnetic  field,  3)  mass  density  velocity  field,  b)  pressure  field  and  5)  gravity 
field.  The  simplest  types  of  wav'.s  consist  of  dual  energy  interchange  between  only  two  typer  of  energy 
storage  modes.  The  dual  interchange  of  energy  between  the  electric  field  and  the  magnetic  field  via 
electromagnetic  cr.a  magnetoelectric  induction  comprises  an  ordinary  electromagnetic  wave.  The  dual  in¬ 
terchange  of  energy  be-ween  the  pressure  field  and  velocity  field  via  Newton's  law  constitutes  an  or¬ 
dinary  sonic  wave.  The  simplest  HUD  waves,  Alfven  waves,  consist  of  the  dual  interchange  of  energy  bet¬ 
ween  the  mass  density  velocity  field  and  the  magnetic  field  via  action  described  by  Amp  ire's  law, 
Newton's  law,  ohm's  law  and  Faraday's  law. 

Simultaneous  transference  of  energy  between  pressure,  magnetic  and  kinetic  energy  storage  nodes 
constitutes  magnetic  ionic  sound  waves  or  magneto-hydrodynamic  sound  waves  and  between  pressure,  elec¬ 
tric  and  kinetic  energy  storage  modes  constitutes  elcctroionic  sound  waves  or  electrohydrodyr...nic  waves. 
Simultaneous  interactions  of  all  four  energy  nodes  gives  still  .-.ore  general  nagnetoeiectrohydrodyr.omic 
waves. 


In  normal  ocean  type  conditions  the  gravitational  energy  storage  mode  interacts  significantly  at 
a  surface.  Hence  an  even  richer  variety  of  surface  waves  arc  possible. 

This  initial  phase  of  this  paper  will  present  the  energy  storage  mode  interaction  mechanisms  in  a 
form  which  graphically  illustrates  the  processes  occurring  in  wave  propagation  in  each  case.  The  second 
phase  will  be  concerned  v’’th  the  wavelength  and  attenuation  frequency  characteristics.  The  third  phase 
is  concerned  with  methods  of  generation  and  detection. 


SOf-MAIRL 


Les  divers  types  d'ondes  susceptibleo  de  sc  propager  dans  un  milieu  queicor.que  dependent  dcs  modes 
d' accumulation  d'energie  quo  ce  milieu  peut  abriter  et  des  r.ecanismes  physiques  existar.ts  pemettant  des 
echangcs  d'energie  entre  les  different*  nodes  d'accunulation  d'energie,  Un  type  d'onde  different  est 
porte  par  chaque  conbinaison  de  modes  d'accunulation  d'energic  conportant  des  necanismes  d'echtnge  d'e¬ 
nergic  dan3  les  deux  sens.  Plus  le  noebre  de  nodes  differents  d'accunulation  d'energie  suseeptibles 
d' interactions  est  eleve,  plus  1'ondc  est  conploxe. 

Les  forces  dens  lesquelle3  l'energie  ae  manifesto  dans  lc  milieu  mar in  sont  les  suivantes  : 

1)  cheep  electrique,  2)  champ  nagnetique,  3)  champ  de  vitesse  de  la  densiti  de  natiere,  b)  chomp  de 
pression  et  5)  chomp  de  gravite.  Les  types  d'ondes  les  plus  simples  consistent  en  double  echange  d'e¬ 
nergie  entre  deux  type3  seulement  de  modes  d'accunulation  d'energie.  Le  double  echange  d'energic  entre 
champ  electrique  et  champ  nagnetique,  par  1' inlcrncdiairc  de  1' induction  electronagnetique  et  nagneto- 
eicctrique  constituc  unc  onde  electronagnetique  ordinaire.  Le  double  echange  d'energie  entre  le  champ 

de  pression  et  le  chomp  de  vitesse,  par  1' interr.ediaire  de  la  loi  de  Newton,  ccnotitue  une  ende  sonique 

ordinaire. 

Les  oude3  nasnStohydrodynuaiqueo  les  plus  simples  (ondcs  Alfven)  consistent  en  un  double  echange 
d'energie  entre  le  champ  de  vitesse  de  densite  cossique  et  le  champ  nagnetique  par  1' ir.tercediaire  du 
processus  decrit  par  la  loi  d'Anpere,  la  loi  dc  Newton,  la  loi  d'Ohm  et  la  loi  de  Faraday. 

Le  transfert.  smultanc  d'energie  entre  les  modes  d'accunulation  d'energie  par  pression,  nagnetique  et 

cir.etique,  donr.e  lieu  a  des  ondcs  sonorcs  magr.eto-ioniques,  ou  magnctoiiyaroaynaniques  ;  le  type  de  trans¬ 
fert,  entre  ies  codes  d'accunulation  d'energie  electrique  et  cir.etique  dor.nc  lieu  ii  des  or.des  sor.ores 
electro— ion i qu is  ou  electro  -hydrodynoaiques.  des  interactions  sinultanees  dc  cos  q-atre  modes  d'energic 
donnent  naissai.ee  a  des  ondc3  nagnetoelectro-hydrodynor.iqueo  encore  plus  g-nerales. 

Cans  les  conditions  oceaniques  normales,  le  mode  d'accumulation  d'energie  gravitationnellc  est 
caractense  jar  dcs  inte.actions  considerables  en  surface.  II  est  done  possible  de  trouver  une  gamme  en¬ 
core  plus  et endue  d’ondes  ae  surface. 

Au  cours  de  la  premiere  partje  de  cot  expose,  1'auteur  presenters  it  mccanisce  d’ interaction  des 
modes  d'accunulation  d'energie  sous  unc  feme  qui  lllustre  grapbiqucmcnt  les  processus  survenant,  dans 
chaque  cas,  su  ccurs  de  la  propagation  des  ondes.  La  secor.de  partie  sera  consocrec  aux  caraclerisliques 
do  frequence  des  longueurs  d'ondes  et  du  phcnomer.c  dc  1 'attenuation.  Au  cours  de  la  troisiine  partie, 
1'auteur  exposera  les  methodes  de  production  el  de  detection. 
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1.  Introduction 

Tne  waves  w  tch  can  propagate  in  a  media  depot,  on  the  tyocs  of  energy  .storage  modes  which  the  media  can 
.upport  and  on  the  physical  mechanisms  available  by  which  energy  con  be  exchanged  between  the  different 
energy  storage  modes.  A  different  type  of  wave  is  supported  by  each  combination  of  energy  storage  modes 
for  which  two-way  energy  exchange  mechanisms  exist.  The  greater  the  number  of  different  energy  storage 
modes  which  ran  interact  the  more  complex  the  wave. 

In  the  ocean  medium  the  energy  storage  modes  available  arc  the:  1)  electric  field,  2)  magnetic  field 
3)  mass  density  velocity  field,  4)  pressure  field  and  5)  gravity  field.  The  simplest  types  of  waves 
corsist  of  dual  energy  interchange  between  only  two  types  of  energy  storage  modes.  The  dual  interchange 
of  energy  between  the  electric  field  and  the  magnetic  field  via  electromagnetic  and  magnetoelectnc  induct¬ 
ion  comprises  an  ordinary  electromagnetic  wave  as  depicted  m  Fig.  1.  The  dual  interchange  of  energy 
totwc^,  the  pressure  field  and  velocity  field  via  Newton's  law  constitutes  an  ord  .nary  sonic  wave.  The 
simplest  MHO  waves,  Alfven  waves,  consists  of  the  dual  interchange  of  energy  between  the  macs  density 
velocity  f.cl.1  and  the  mrgnotic  field  via  action  described  by  Ampere's  lav,  Newton's  law,  Ohm's  law  and 
Faraday's  law. 

Simultaneous  transference  of  energy  between  pressure,  magnetic  and  kinetic  energy  storage  moles 
cunstlt  lies  magnetic  ionic  sound  w..ves  or  magnetohydrodynamic  sound  waves  as  depicted  in  Fig.  2. 

S.multj ueoui  Irons ler  of  energy  between  pressure,  electric  and  kinotic  energy  storage  modes  constitutes 
r  iect.r'  lon.c  sound  waves  or  electrohvdrodynamic  waves.  Simultaneous  interactions  of  all  four  energy  modes 
give  o.lll  more  general  magnetoolect: onydrodynamic  waves. 

The  objective  of  thin  paper  is  in  part  tutorial  and  in  part  to  broaden  the  conference  scope 
(cr.iotdcr”t)on  of  electromagnetic  waves  in  the  ocean  medium)  by  considering  the  broadtr  variety  of  waves 
w  .ich  can  h*  generated  by  the  interchange  of  energy  between  a  greater  variety  of  energy  storage  modes. 
Physical  descriptions  of  the  basic  interactions  that  provi  ij  a  qualitative  comprehension  of  the  wave 
phenomena  are  gi.en  in  the  next  two  sections  for  the  most  basic  MHD  wave  types.  This  is  followed  by  a 
more  quantitative  development  of  the  properties  of  the  more  general  HUD  wave, 

2.  Alfven  Waves 


Idealized  Alfven  waves  can  only  exist  in  a  perfectly  conducting  incompressible  media  immersed  in  a 
DC  magnetic  Held.  If  the  media  is  highly  conducting  and  relatively  incompressible  a  good  approximation 
to  the  idealized  Alfven  wave  can  exist.  In  this  type  oi  wave  there  is  a  mutual  interchange  of  stored 
energy  between  the  AC  magnetic  field  and  the  m83s  velocity  field.  If  the  fluid  m'-uium  were  compressible, 
a  sonic  type  wave  may  also  exist,  in  which  case  a  more  involved  magnatohydrodynamic  wave  would  result. 

An  understanding  of  the  waveo  can  be  provided  from  a  number  of  different  viewpoints,  of  which  two  are 
stre6cca  here.  Comprehension  of  cause  and  effect  on  an  intensive  or  local  basis  is  facilitated  by  the 
flow  graph  equation  fo'-mat  depicted  in  Fig,  3.  Physical  visualization  of  the  extensive  phenomena  comprising 
Alfven  wave  propagation  is  facilitated  by  the-  sequt-ico  of  sketches  in  Fig.  4, 

Alfven  waves  (Fig.  3)  can  be  explained  by  two  cause  and  e*ffect  loops  which  have  Ohm’s  law  as  their 
common  causal  link.  Although  the  explamation  tun  start  at  any  point,  consider  first  the  current  density 
and  the  upper  loop.  Tne  applied  magnetic  field,  II,  exerts  force  on  the  current  density.  This  electric 
motor  type  force  accelerates  the  fluid,  thereby  giving  it  a  velocity  a.  The  cor. Putting  fluid  moving 
thru  the  applied  magnetic  field  creates  j  Icrir.tz  force  (rio'.ionally  induced  electro:, lotancc  intensity)  cn 
the  charge  carriers  in  the  conducting  fluid.  Tms  electric  generator  type  distributed  voltage,  ax  E_, 
causes  part  of  the  current  density,  as  described  by  Cbm'o  law.  Next  consider  the  lower  causal  loop.  The 
current  density, n,  j  duces  a  variable  magnetic  fiild,  B^,  as  dictated  by  Ampere's  law.  The  time-varying 
magnetic  field  produ.  s  ar.  electric  field,  E,  as  described  by  Faraday's  electromagnetic  induction  law.  This 
electric  Held  causes  another  part  of  the  current  density,  or  described  by  Ohm's  law.  The  idealized  Alfven 
wave  occui  s  if  the  conductivity  is  essentially  mJinite.  In  this  case  a  negligible  fraction  of  the  *nduccd 
eluotromotanee  intensity  is  consumed  by  the  ohm.  drop  anu  hence  the  electrocagnetically  generated  electric 
field  intensity  ic  essentially  equal  8nd  opposite  to  the  r  . tonally  induced  elect romotance  intensity. 
Applying  email  6i0ri&,  theory  in  the  simultaneous  solut  .cn  for  the  monochromatic  plane  wave  gives  the  Alfven 
wave  as  propogating  in  the  direction  of  the  applied  magnetic  field  with  speed 

o,  v  .  A. 

•/uS 

in  turns  of  the  inductivity  u,  mass  density  5,  and  applied  magnetic  field  B  .  For  the  case  of  sea  water, 
with  a  mass^density  of  approximately  1,000  kg  per  r.iJ  and  the  earth's  field  of  approximately  #  Gauss 
or  #  x  10”  weber, m’, the  Alfven  speed  is  slightly  gneater  than  one  ma  per  second.  It  should  be 
noted  that  the  conductivity  of  tea  water  is  mod  *ately  low,  approximately  4  ahos/a,  hence  the  ocean 
does  not  provide  the  editions  for  idealized  Aifven  waves.  Nevertheless  the  idealized  case  provides  a 
very  instructive  basis  for  comprenending  the  .ore  complicated  cases. 

The  flow  graph  only  provides  an  intensive  type  explanation  of  Alfven  waves,  i.e. ,  *n  terms  of  simu¬ 
ltaneous  relationships  between  fiell  quantities  at  a  point.  An  extensive  explnir.nt.or.  is  required  in  order 
to  visualize  how  the  fie!  propagators.  This  is  facilitated  by  Fig.  4.  To  accomplish  this  explanation 
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FIG.  1  WAVES  BASED  ON  ENERGY  INTERCHANGE  BETWEEN 
TWO  ENERGY  STORAGE  MODES 


Extensive  Causality  Slab  Hot ion  Model 
for  Alfven  Waves 
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with  a  reasonable  economy  of  figures  and  words,  the  volume  of  space  is  subdivided  into  thin  parallel  slabs 
which  are  perpendicular  to  the  direction  of  propagation,  which  is  upward  in  Fig.  4.  Of  the  variety  of 
ways  in  which  the  wave  can  be  initiated  consider  mechanical  displacement  of  the  lowest  slab,  slab-1,  as 
depicted  in  Fig.  4b.  The  motion  of  slab-1  thru  the  applied  magnetic  field  generates  a  Lorentz  force  on 
the  charge  carriers  which  produces  a  current  in  slab-1  (Fig.  4b).  The  applied  magnetic  field  exerts  a 
force  on  the  current  ir.  slab-1,  which  opposes  the  applied  driving  force.  The  induced  current  in  slab-1 
varies  with  time  and  hence  the  time  varying  magnetic  field  it  produces  in  slab-2,  generates  an  electric 
field  in  slab-2,  which  drives  a  current  in  slab-2  in  the  opposite  direction  to  the  initial  current  in 
slab-1.  The  current  in  slab-2  produces  a  force  on  slab-2  which  drives  it  to  the  right  as  depicted  in 
Fig.  4c.  The  motion  of  slab-2  to  the  right  generates  a  Lorentz  force  which  bucks  the  electric  field  and 
hence  reduces  the  current  in  slab-2.  This  varying  current  in  slab-2,  as  well  as  that  in  slab-1,  produces 
a  varying  magnetic  field  which  extends  into  slab-3  and  generates  an  electric  field  there.  This  electric 
field  produces  a  current  in  slab-3  which  produces  a  force  on  slab-3  thereby  causing  it  to  accelerate  to 
the  right  as  depicted  in  Fig.  4d.  This  i6  the  manner  in  which  the  fields  propagate  along  the  direction 
of  the  applied  magnetic  field.  In  the  course  of  propagation  the  currents  produced  in  successive  slabs 
have  also  reacted  back  on  the  previous  slabs  to  decelerate  their  motions  and  cause  them  to  be  displaced 
in  the  opposite  direction.  Thus,  the  propagation  phenomena  is  oscillatory. 

The  Alfven  wave  has  been  classified  here  as  only  involving  two  energy  storage  modes.  The  average 
energy  stored  in  the  variable  magnetic  field  is  equal  to  the  average  energy  stored  in  the  kinetic  energy 
field.  Since  the  Alfven  wave  requires  an  electric  field  for  its  existence,  and  since  energy  is  stored  in 
an  electric  field,  it  might  appear  reasonable  to  classify  Alfven  waves  as  a  three  energy  storage  mode  type. 
However,  the  average  energy  stored  in  the  electric  field  is  negligible  since  it  is  smaller  than  the  kinetic 
energy  by  a  factor  equal  to  the  square  of  the  ratio  of  the  Alfvens  wave  speed  to  the  speed  of  light, 


Honcc  Alfven  waves  are  classified  as  a  two  energy  storage  mode  type  of  wave. 


Transverse  Magnetosonie  Waves 


Magnetosonie  waves  can  be  supported  by  a  conducting  compressible  media  with  an  impressed  magnetic 
field.  Such  waves  involve  the  interchange  of  energy  between  three  types  of  energy  storage  modes:  magnetic, 
kinetic  and  elastic.  Magnetosonie  waves  car.  be  considered  as  sonic  waves  whose  characteristics  are  mod¬ 


ified  by  the  presence  of  the  magnetic  field  and  the  conductivity  of  the  media.  The  flow  graph  for  sonic 
waves  is  given  in  Fig.  5.  The  speed  of  small  amplitude  monochromatic  waves  iG  given  in  termG  of  the  bulk 
modulus  K  and  the  density  n^,  by 


The  flow  graph  for  magnetosonie  waves  is  the  compoaiteof  Figs.  3  and  5  obtained  by  superimposing  the 
velocity  in  Fig.  3  on  the  velocity  in  Fig.  5.  Understanding  propagation  of  a  magnetosonie  wave  by  first 
considering  propagation  of  an  ordinary  sound  wave  as  provided  by  the  slab  model  depicted  in  Fig.  6.  The 


«|iace  is  divided  into  parallel  slabs  which  are  perpendicular  to  the  direction  in  Which  the  wave  propagates, 
which  iryig. 

illustration  j^^sbricted  to  the  case  of  propagation  perpendicular  to  the  applied  magnetic 


field.  Understanding  the  magnetosonie  wave  is  easily  achieved  by  examining  how  the  magnetic  field  modifies 


the  ordinary  sonic  wave.  The  sonic  wave  can  be  considered  as  being  initiated  by  applying  a  force  to  slab-1 
which  slightly  compresses  it,  giving  a  velocity  to  the  mass  in  slab-1,  as  depicted  in  Fig.  6b.  The  pressure 
increase  in  slab-1  exerts  a  force  on  slab-2  moving  its  material  contents  to  the  right.  The  pressure  in 
slab-2  is  thus  increased.  As  slab-1  expands  its  pressure  decreases,  Fig.  6c.  The  increased  pressure  in 
slab-2  exerts  a  force  on  slab-3,  and  in  turn  slab-3  becomes  compressed,  Fig.  6d.  This  mode  of  pressure, 
velocity  and  density  propagation  is  a  sonic  type  wave. 


Now  reconsider  this  sonic  wave  in  a  conductive  medium  with  an  applied  dc  magnetic  field  as  depicted 
in  Fig.  7.  The  velocity,  density,  and  pressure  propagation  picture  is  essentially  the  same  as  for  the  pure 
sonic  wave  except  that  the  magnetic  field  produces  a  Lorentz  force  on  the  charge  carriers.  The  force  exerted 
by  the  applied  magnetic  field  on  the  resulting  current  in  the  moving  Glab  opposes  the  driving  force, 
thereby  making  the  slab  appear  stiffer  than  that  due  to  compression  of  the  material  alone.  The  induced 
current  m  slab-1  produces  a  magnetic  field  in  slab-2  which  varies  with  time.  This  time-varying  magnetic 
field  generates  an  electric  field  in  slab-2  which  causes  a  current  as  shown  in  Fig.  7b.  The  applied 
magnetic  field  exerts  a  force  on  this  current  which  acts  in  the  name  direction  as  the  wave  is  propagating 
and  acts  in  advance  of  the  arrival  of  the  kinetic  pressure.  Thus  the  magnetic  field  impressed  or.  a  sonic 
wave  in  a  conducting  medium  makes  the  wave  propagate  faster. 


The  spatial  relationship  between  the  field  components  for  an  Alfven  wave  and  a  transverse  magnetosonie 
wave  are  depicted  in  Fig.  8. 
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The  field  equations  for  sa^ietohjrdrodynamic  waves  are  solved  for  all  directions  of  propagation  of  the 
waves  with  respect  to  the  earth's  Magnetic  field,  in  Appendix  A,  There  are  three  types  of  MHD  waves  which 
exist  that  are  slight  modifications  of  the  elementary  acoustic  shear  wave,  acoustic  compression  wave,  and 
the  electromagnetic  eddy  current  wave.  The  speeds  and  attenuation  factors  for  these  waves  are  distinguished 
by  the  use  of  the  subscripts  s,  c  and  e  respectively.  The  dissipation  mechanisms  have  a  greater  affect  on  the 
speeds  and  attenuation  factors  of  the  various  modes  than  does  the  earth's  magnetic  field.  As  a  consequence 
the  first  two  terms  in  the  power  series  expansion  of  the  Alfven  wave  speed,  A,  of  the  phase  speeds  and 
attenuation  factors  provide  adequate  accuracy. 


For  graphical  representation  it  is  convenient  to  plot  the  two  terms  on  separate  graphs.  The  first 
term  represents  the  particular  mode  in  the  absence  of  the  earth's  magnetic  field  and  is  designated  by 
means  of  a  subscript  'O'.  The  second  terra  gives  the  contribution  to  the  MHD  mode  resulting  from  the 
presence  of  the  earth's  magnotic  field  and  is  designated  by  the  subscript  '2'  since  it  is  proportional  to 
the  square  of  the  earth's  magnetic  field.  For  the  acoustic  shear  type  MHD  wave  (a91)  and  (A92)  give 


(4) 

Vs0 

V  „ 

(5) 

s2 

V 

Vs0 

(6) 

°s0 

and 

(7) 

*a0 

"eO 

where 

2 


cob23 

Qc2-D 


6  is  the  angle  between  the  direction  of  propogation  and  the  earth's  magnetic  field 
A  is  the  Alfven  wave  speed 

Q  is  the  electrical  quality  factor  of  sea  water 
D  is  the  viscosity  dissipation  factor  see  (A33) 
c  is  the  speed  of  light  in  water 
C  is  the  speed  of  sound  in  water  . 


For  the  acoustic  compression  type  MHD  wave  (A93)  and  (A94)  give 


For  the  electromagnetic  eddy  current  type  or  MHD  wave  (A95)  and  (A96)  give 
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In  sea  water  the  losseas  and  the  speeds  of  the  unmodified  modes  have  only  moderate  ranges  of  values, 
consequently  the  primary  independent  variables  over  which  graphs  are  desirable  are  the  frequency  and 
the  propagation  direction.  As  shown  in  Appendix  A 

(16)  D*<-<?c2 
and 

pn 

(17)  =2*  «1  for  f  <  10  terrahertz  , 

3<T 

hence  the  above  expressions  for  the  acoustic  shear  type  MHD  wave  reduces  to 


(18) 

VeO  = 

v/2D 

(19) 

V«2 

^  = 

A2cos20 

2Qc2 

(20) 

^sO  » 

(0 

SzE 

(21) 

««0 

A2C0820 

2Qc2 

the  acoustic  compression  type  MHD  wave  reduces  to 


and  the  electromagnetic  eddy  current  type  MHD  wave  reduces  to 


(26)  V 


A2  C*cob28  v  QcVsin2^  +  Q2c4 
A?  c4  +  q2c4 


(29) 
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Expressing  the  mode  parameters  explicitly  in  terms  of  the  frequency  for  nominal  value  of  sea  water 
parameters  and  the  earth's  magnetic  field  gives,  for  the  acoustic  shear  type  XHD  wave 


(30) 

VeO 

-3. 

,5  x  10“4  JT 

m/sec 

(3D 

Vs2 

w 

^0~22  cos28 

(32) 

aaO 

Pi 

1.6  x  10 Vf 

db/m 

(33) 

f»2 

"so 

Pi 

10-22  cos2P 
f 

4 

for  the  acoustic 

compression  type  MHD  wave 

(34) 

VcO 

« 

C  m/sec 

(35) 

"cO 

M 

5.2  x  lO-15^ 

db/m 

(36) 

Vc2 

5  x  10"22sin20 

1+4.4x10“ 13 f2 
1+2x103f2 

- 

(37) 

!c2 

°cO 

Pi 

5  x  10*22sin2n 

-1+5x1015f2 
1+2x10^  f2 

4 

and  for  the  electromagnetic  eddy  current  type 

MHD  wave 

(38) 

Veo 

pi 

1.4x1oVf" 

m/sec 

(39) 

V.2 

5x10-30  cos2o 

+  44f  ain2P  + 

■*  P 

2x1Crf 

VeO 

1  1+2x103f2 

(40) 

°eO 

fV 

3.8x10"3./f 

db/m 

(41) 

M 

5X10’30  cos2« 

-  44 f  ein2(*  + 

2x103f2 

°e0  f  1+2x10 


These  mode  parameters  are  graphed  as  functions  of  the  frequency  in  Figs  9  thru  12.  The  effects  of  the 
earth's  magnetic  field  on  the  properties  of  the  various  waves  arc  extremely  small. 


Attenuation 


Of  the  Various  Uncoupled  Waves  In  Bulk  Sea  Water 


From  Uncoupled  Wave  Speed  Normalized  with  Respect  Deviation  From  The  Uncoupled  Wave  Attenuation  Fa' 

To  The  Uncoupled  Wave  Speed  As  A  Function  Of  Normalized  With  Respect  To  The  Uncoupled  Wave 

Frequency  For  Propogation  at  45°  to  The  Earth's  Attenuation  Factor  As  A  Function  Of  Frequency  Fo: 

.Magnetic  Field  In  Bulk  Sea  Water  Propagation  At  45°  To  The  Earth's  Magnetic  Field 

In  Bulk  Sea  Water 
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APPENDIX  A:  HHD  WAVES 
A.  1  rielrt  Equation.-. 


The  six  vector  fields 

u  velocity 

S  current  density 

B  magnetic  induction 

E  electric  field  intensity 

®  electric  displacement 

I!  magnetic  field  intensity 

and  the  three  scalar  fields 

pressure 

p  mans  density 

f  charge  density 

ore  interrelated  by  nine  field  equations,  four  of  which  are  constitutive  relations.  There  is  an  additional 
constraining  relation  imposed  on  the  magnetic  induction  field  making  a  total  of  ten  field  equations  in  the 
set.  The  constitutive  parameters  arc 

K  bulk  modulus 

T  viscosity 

c  capacitivity 

u  inductivity 

ft  conductivity 

The  motion  of  the  ocean  fluid  continual  is  approximated  by  the  Uavicr-Stokes  equation 
(Ala)  U  t  u«oui  )  =  ■  *  TI7^a  +  y  77  +  fE  ‘  SxB 

Conservation  of  mass  is  exp. essed  by  the  equations  of  continuity 

(Alb)  dtp  »  7  •  pu  =  0  . 

Relationships  between  the  electromagnetic  fields  are: 

Faraday's  electromagnetic  induction  law 

( Ale)  lx  £  =  -  3tB  , 

Maxwell-Ampere's  magr.ctoclcctric  induction  law 
(Aid)  v  x  H  =  g  +  At J) 

Gauss'  law  for  the  electric  displacement  fields 
(Ale)  7  •  X)  =  f  , 

and  Gauss'  law  for  the  magnetic  induction  field 
(Alf)  7  ‘  B  =  0 

The  constitutive  equations  interrelating  the  fields  arc: 

Hook's  law 

(Alg)  .  Kjj* 

pO 

the  generalized  Ohm's  law 

(Alh)  n  =  <r(X+  u.'  x  *)  , 

the  electric  constitutive  relation 

(Ali )  D  =  cE 

and  zhe  magnetic  constitutive  relation 

(Alj)  B  =  uH 

This  set  of  equations, (All  describe  the  wave  phenomena  involving  energy  interchange  between  the  four  energy 
storage  modes:  elastic,  kinetic,  magnetic,  and  electric. 

A, 2  Restriction  to  HHD  Waves 

If  the  energy  stored  in  tno  electric  field  is  negligible  compared  to  the  energy  stored  in  the  other 
fields  the  phenomena  logical  description  is  reduced  from  magnetoelectrchydrodynamic  (MEHD)  to  mngneto- 
hydredynamic  (MHD),  This  is  toe  cane  if  the  not  free  electric  charge  density  is  negligible 


and  if  the  displacement  current  is  negligible 
(A2b>  I^Dl  «  1§I 

Tba  conductivity  of  sea  water  ia  sufficiently  high  to  cause  any  net  free  charge  density  to  rapidly  diffuse 
to  a  neglsg'biblo  level.  The  conductivity  combined  with  the  restriction  to  moderate  frequencies  causes 
lb-  displacement  current  to  be  negligible  compared  to  the  conduction  current.  These  restrictions  reduce 
the  Navier- Stokes  equation  to 

A?a  '  e(>  u  -  u  •  *’t l)  -  -  "Ip  *  TP^u,  +  5»7f»ie*£xB 

1  p 

Maxwi-ll-Amperc  equation  to  Ampere's  law  to 

A.4 b)  "  x  K  =  S. 


/ 


and  Gauss'  law  for  the  electric  field  to 

(A3c)  tr.  ID  =  0  , 

the  other  field  equations  remaining  the  same. 

A, 3  Reduced  Set  of  Field  Equations 


It  is  convenient  to  reduce  the  number  of  field  variables  and  field  equations  by  using  three  of  the 
constitutive  equations  to  eliminate  B,  J>,  and  ft  from  the  other  equations.  The  remaining  set  of  equations 
is 

(Aba)  e(3.  ul  +  u.  •  fht)  =  -  +  TfA*  +  o  7  •  u.  + 

r  t  P0  3 


3fco  +  v  •  ftti 


V  x  cE 


(Abg)  a  =  all*  uxl) 

A.b  Linear izat ion 

The  fields  can  be  expressed  as  the  sum  of  a  known  part  (designated  by  a  subscript  0),  and  an  unknown 
part  (designated  by  a  subscript  a).  If  the  magnitudes  of  the  products  and  powers  of  unknown  parts  are 
small  compared  to  the  magnitudes  of  the  unknown  part6  the  field  equations  can  be  accurately  approximately 
by  the  following  set  of  equations  which  is  linear  in  the  unknowns: 

(Apa)  (p0  ♦  +  Po(\^  *  “l  ‘  4  ’-b  *  "V  = 

-  bK(1  +  ~)  +  t|72(i^  +  a,)  +  jvv  (u0+  ♦  £1xBq+ 

(A5b)  At(p0  +  />,)  +  V  •  (p0uQ+  p-a0  +  p0uj  =  0 

(Ape)  o  x  (EQ  +  Ej  u  -  3t(B0+ 

(A5d)  v  x  (Bq  +  B^)  =  u(S0*£.,) 

(A5e)  n  .  C(E0  +  E|)  =  0 

(A5f)  V  •  (BQ  +  B,)  =  0 

(A5g)  So+  “l  =  +  E1  +  ax  B0+  *1  x  B0+  <*0X  B11 


A. 5  Homogenization 

The  considerations  arc  further  restricted  to  the  case  for  which  the  constitutive  parameters  and  the 
known  portions  of  the  field  are  homogeneous  in  space  and  time.  With  this  restriction  the  temporal  and 
spatial  derivatives  of  the  known  portions  of  the  fields  vanish  thereby  reducing  the  field  equations  to 


/Wl*  tt0*VU1) 

\Pl  4  U0  •  "Pi  *  P<?  '  *1 


-  0  "fl1  4  7>"  a1  4|^*  U1  +  Sox30  4  S1XB0  4  S0*: 


u(SQ  * 


(A6f)  n  •  ^  = 

(A6g)  Sp  f  S.  = 

A.  6  Streamlcss  Case 


arE0  4  3  +  uox  Bo  4  ai  x  Bo  4  acx  B11 


If  the  magnetic  field  ha6  a  known  fixed  part 
(A?)  B  Q  f  0 

but  there  in  no  dc  fluid  flow 
(A8)  u0  -  0 

and  no  dc  current 
(A9)  iQ  =  0 

there  will  also  be  no  dc  electric  field  intensity 
(A10)  E.  r  0  . 
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Without 

dc-  streaming  the  field  equations  reduce  to 

(Alla) 

"O 

O 

O' 

«T 

K  2  n 

=  ~  p  +  ai  +  T  * *  * 

( Allb) 

3tPl  +  Po 

0 

11 

r- 

* 

(Allc) 

0  x  Ej 

=  -  \B1 

(Mid) 

0  x 

II 

V* 

•Jk 

(Alle) 

<T  .  E1 

=  0 

(All!) 

«  •  B1 

=  0 

(Allg) 

0 

a1  “ 

o(5E  1  +  U.1  X  Bq] 

A„7  Steady  State  Waves 

The  transient  solution  can  be  eotainet1  b/  superpositions  of  steady  state  solutions  which  are  mono¬ 
chromatic  plane  waves.  The  phasor  representation  of  the  steady  state  solution  i;  characterized  by  the 
fact  that 

t  time 

r  position 

only  occur  in  the  linear  combination 
(Al2)  phase  =  mt  •  x 
where 

ai  the  angular  frequency 

fi  the  complex  phase  factor 

The  complex  oha,;e  factor  can  be  expressed  in  terms  of 

p  phase  factor 

&  attenuation  factor 

thus 

1 A"‘3 )  jS  =  p-  jo-  . 

To  t »>.l..e  the  basic  propertie  s  of  the  steady  atate  waves  only  the  positively  traveling  wave  need  be 
considered.  With  p’.iasur  representation  the  time  derivative  operator  is  replaced  by  jro 

U14)  5. - *j-> 

t  V 

and  the  grsuient  operator  is  replaced  by  -ip 

(A15)  « — » -  , 

This  reduces  the  set  of  partial  differential  field  equations  to  a  set  of  algebraic  field  equations 
(A-6a)  j.»p0<i1  =  -  <'j? -  yfip  •  «•  -!  +  V  ®0 

Po#*  "'1 

mB. 


(A16b) 

(Al6c) 

(Alfid) 

i.A'.f  e) 
(Al6f ) 
Ul£g) 


•Vi 


■dr 

k  *■ 


r  x  B1 


PJ 

P 

2 

a 


*1 


“1 

uf1 

0 

0 

X  £ 


A.3  Relrttiv  Directions  of  the  Fields 


The  algebraic  form  cf  Geuss  lew  for  the  electric  field,  (Alfie),  and  for  the  magnetic  field,  (Al6f), 
shw  that  the  ''lec>r!„  ar.i  mugnetic  fields  of  the  wave  are  perpendicular  to  the  direction  of  propagation. 

^  ■  algebraic  form  of  c->xaday's  exec’  ’•omair  »*ic  induction  law  shows  that  the  magnetic  field  is  perpend- 
’  c  to  the  elec;ric  field.  Thus,  tho  -j,ectric  fiold,  magnetic  field  and  direction  of  propagation  are 
•Kfccally  orthogonal  juaS  os  for  an  eler.en.ejy  plane  electromagnetic  wave  in  free  space.  The  algebraic  form 
si  s£per«'a  low  ^Ird).  stows  that  tho  current  density  is  perpendicular  to  both  the  magnetic  field  and 
the  direotio,  01  proper-ion.  Consequent!;,  the  current  density  is  in  the  same  direction  as  the  electric 
=  inlen£-.»y.  Sinus  .at  current  density  and  electric  field  intensity  are  in  the  rsme  direction,  Ohm's 
(A'fig),  snows  '"'■>?  both  the  ac  fluid  velocity  ar.d  the  dc  magnetic  field  exe  in  the  plane  perpend- 
icsisr  t»j  the  «iec*rir  field  intensity.  Consequently,  the  dc  magnetic  field  and  the  ac  fluid  velocity  are 
w.gn-tic  field  and  the  direction  of  propagation.  Thes.  special  relationships  are 


Mg.  A. 


Fig,  A. 1  Spatial  Relations  o 
ur  an  MHD  Wave  Field  Coirnono.-ts 
*1  Fom‘- 
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A. 9  Separation  of  Variables 

Among  the  set  of  field  variables,  fn,t  a.,  B,,  E. ,  S1  1,  the  most  convenient  variable  for  expressing 
ithers  in  terms  of  is  u.*  ♦  The  continuity  equation1  diructlygives  the  variable  mass  density  in  terms  of 


PoS. 

rr/P* 


the  others 
the  fluid  velocity 

(A17) 

Using  the  algebraic  form  of  Fhraday's  law  to  eliminate  the  variable  magnetic  field  from  the  algebraic  form 
of  Ampere's  law  gives 

(A18)  ^x^xE.,)  =  jowS, 

Expanding  the  triple  cross  product  and  using  the  algebraic  form  of  Gauss  law  for  the  electric  field  gives 

(A19)  (»2E1  n  -  jem£1 

Using  this  equation  with  Ohm's  law  gives 
jmu  oB0x 


(A20) 


E  < 


and 

(A21)  t1 


jmuc  +  *> 


aPV  U1 

jtnucr  +  $ 


The  variable  magnetic  field  can  now  be  expressed  in  terms  of  the  velocity 


(A 22) 


j  u  <T(P  x  CBqx 


3'«U(T  + 


S2 


A. 10  Dispersion  Relations 

Eliminating  the  variable  mass  density  and  the  current  density  from  the  algebraic  form  of  the  Havier- 


Stokes  equation  of  motion  gives 

jK  IS 


H^BQxCBpXUL.,) 


(A23)  j-Tovr1 


vp  p  V  v 

*1"  W?  ft 


p'  +  jfflUCT 


Expanding  the  last  term  and  factoring  out  the2veioeity  gives 

(A2<0  (JTq  4  tj2)!  -  (j  +  ■  0  . 

For  s  nontrivial  solution  to  exist  the  determinent  of  the  coefficients  of  the  components  of  the  velocity 
must  vanish, 


(A25) 


’-■>  -  V„ 


3'i'uo 


Expressing  the  vector  complex  phase  factor  and  the  dc  :..,gnetic  field  in  terms  of  their  magnitudes  and 
directions  gives  -  ore  appropriate  form  for  the  dispersion  relationship 


(A26) 


{3  +  jmu  n 


A, 11  Velocity  Parameterization 

Alfven  waves  and  sonic  waves  are  actually  specialized  cases  of  the  more  general  category  of  MHD  waves. 
Consequently  it  is  convenient  to  eliminate  the  dc  magnetic  field  and  the  bulk  modulus  in  favor  of  the 
Alfven ‘8  wave  speed  B 

(A27)  A  =  ~2_ 

and  the  sound  wave  speed 
(A ?.Z)  C 


■  f 


thereby  giving  the  following  expressions  for  the  dispersions  relationship 


(A29) 


r 


fo 


(j^i.c2)  v  .  a2 _ IqjL 

vpo  c) ,.i! 

(DU  T 


Along  with  the  proceeding  characteristic  speeds  it  is  also  convenient  to  use  the  electric  quality  factor  of 
the  medium 

(A30)  Q  =  — 
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and  the  speed  of  light 
(A31)  c  =  _L 

ifT 

which  occur  in  the  combinations 
(A32)  Qe2  =  _®_ 

a  8ingleSfactorenient  t0  represent  the  remainin«  constitutive  parameters  bunched  with  the  viscosity  as 


(A33)  D 


Po 


Th,  dispersion  r.i.lio.  no.  b,  .*pr..«d  i,  t.r».  of  Ihs  ,or, 


<*}•»  (fj -!»)»•  (d$- 


)  Iff  -  »*  ^  I  Vo 


A. 12  Scalar  Dispersion  Relation 


The  special  relationships  between  the  vector  fields,  denicted  in  Pi.  a  i  .  .. 

a  rectangular  coordinate  system  with  the  x  avia  ?  Fus‘  A“1’  make  xt  convenient  to  use 

along  the  dc  magnetic  field.  L  this  case  l0nS  ^  ele°trlC  *•*»  the  *-«is  oriented 

(A35)  1R  =  1 

Ops 


and 

(A36)  1 


‘f 


1  cos  0+3  sin  0 
a  y 


The  dispersion  relation  can  now  be  expressed  in  the  form 
(A3  7) 


\{?  “  JDj  *’  +  Hcy  ♦  lyjcos  «  sin  9  +  lyysi»2o)  -a2  — V.,  ,  0  . 

1  -  jQc2 


other  C0"t8  the  condttional  •*-«* 

(A38)  4-^°-  ~ 

ft* 


*2 

c2t 


and 


(A39) 


1  -  jQc*  £y 
nv 

-^<v* 


('Lein2**  +  [1  +  1  *  p 

yy  yz  lzy]tsix\  ft  cos  ft  +  l^cos2^) 


Btpressing  the  second  dispersion  relation  in  terms  of  scalar  quantities  only  gives 


-  JQc^j 


=  0 


(AM) 


-  jD  -  (C2  -  y~)ain2n  - 


-(C2  -  j~)sin  0  cos  8 


A2 


-  JQC2  4 


-  ( C2  -  jj)sin  B  cos  8 


%  **  JD  -  (c2  -  3t)cos2o 

P 


A.  13  longitudinal  Waves 


Because  of  the  general  complexity  it  is  desireable 
propagation  in  the  direction  of  the  dc  magnetic  field 

(AM)  6  =  0 


-v  vwuoiucr 


- 


the  dispersion  relations  reduces  to 
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(A42)  ^  -  jD  - 


.2  J  ? 

- — -  JjD 

3«2  F  3 


-j*2S 


Tho  waves  which  can  propagate  have  complex  phase  factors  given  by  the  roots  of 
(A43)  ^-j^-C2  =  0 


(A44)  ^  .  jD - - -  =  0 

*  ?82 

1  -  4Qc2^ 

iti 

The  first  of  these  represents  an  ordinary  sonic  wave  whose  complex  phase  factor  is 

-j  -1/2 

(*45)  p  =  -z=~=  =  1  * 

C  [_  3C? 


The  phase  and  attenuation  factors  are  given  by 


(A46)  S 


rP r 


*TF¥ 


(A47)  a 


For  small  losses 


«  1 


the  phase  and  attenuation  factors  reduce  to 


(A49)  fi  ~ 


'l  ^  " 

L 


rad ians/m 


radians/m 


nepers/m 


(A50)  of  »  — ,  nepers/m 

3C5 

For  water  the  viscosity  is  the  ordei  of  one  centipose  (10-'’  N»wton  sec/m2),  tho  density  is  the  order  of  one 
thousand  kilogram/m^  and  the  speed  of  sound  is  the  order  of  1.500  m/sec  giving 

(A51)  w  2  x  10'l4f 


Hence  the  approximations  for  fi  and  a  are  valid  up  to  teraherts  frequencies. 

The  other  factor  in  the  dispersion  relation  represents  waves  traveling  with  the  complex  phase  factors 

v  J  -A2  ..  jD  -  jQc2  +  07  jD  +  jQc2)2  +  4DQc2 

(A52)  P  =  - - 

~  f  2DQcd 

If  there  were  no  losses  at  all  the  dispersion  relation,  (A14)  would  directly  give 

(A53)  P  =  «A 

in  which  case  the  phase  speed  is 

(A54)  V  =  A 

and  wavj  is  ar  ideal  Alfven  wave.  However,  in  sea  water  the  conductivity  is  approximately  four  mohe  per 
meter,  the  relative  capacitivity  is  appro  unately  8 1  and  consequently 

(A55)  Qc2  «  108f 
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which  is  enormous  compared  to 
(A56)  D  ~  6  x  10"8f 

which  is  enormous  compared  to  the  square  of  the  Alfven  wave  speed 
(A5?)  A 2  ~  2  x  10*  ^  m2/sec2 

As  a  result  the  longitudinal  HHD  waves  which  exist  in  sea  water  have  phase  factors  accurately  given  by 
(A58)  p  =  ~r 

and 

(A59)  p  =  —r 

iidc2 

The  attenuation  factors  f0r  these  highly  damped  waves  are  equal  to  the  phase  factor 


(A60) 

0 

=  or  = 

to 

_  »* 

2  x  104f? 

and 

(A6l) 

0 

=  or  = 

(0 

»  6  x  10*4^ 

The  phase  speeds  of  these 

waves  are 

(A62) 

V 

=  fiD 

»  3.5  x 

-4  1— 

10  it  m/sec 

and 

(A63) 

V 

-  w 

»  1.4 

x  104VF  m/sec 

The  second  of  these  is  the  ordinary  eddy  current  wave  in  the  conducting  sea  water  that  results  when  the 
displacement  current  can  be  neglected  compared  to  the  conduction  current. 

A. 14  Transverse  Waves 


For  propagation  in  a  direction  perpendicular  to  the  dc  magnetic  field 
(A64)  A  =  l 
the  dispersion  relation  reduces  to 


The  first  factor  represents  the  same  highly  damped  uncoupled  wave  found  in  the  longitudinal  direction 
represented  by  (A38),  A(6o) ,  and  (A6l).  The  second  factor  represents  waves  whose  complex  phase  factors 
are  given  by 


(A66) 


-C 


»2-w2-  if  ±tf77 


jQc2  + 


2  — 
j2qc  (c' 


4 


)2_  j4(}c2(C2 


.20 

°T 


Mr) 


If  there  were  no  losses  at  all  the  dispersion  relation  from  the  second  factor  in  (A64)  would  yield 

(A6?)  B  =  .l  ln  Hill  III 

l]  C?  +  A2 

hence  the  magnetosonic  wave  speed  is  given  by 
(A68)  V  =  C2  +  A2 


With  the  Alfven  speed  sm&ll^contp&red  to  the  sonic  speed  this  reduces  to 

(A69)  V  =  0;i  +  -i.  ) 

2v 


With  the  nominal  strength  of  the  earth's  magnetic  field  in  soa  water  the  difference  between  tne  sonic  speed 
and  the  magnetosonic  speed  would  not  be  aisceraable.  If  the  Alfven  speed  squared  is  neglected  compared 
to  the  other  terms  the  resulting  waves  are  the  same  as  the  sonic  waves  and  the  eddy  current  waves  discussed 
for  the  longitudinal  propagation  case. 


Z5-18 


A.  15  Waves  with  Arbitrary  Propagation  Direction 


To  oisplify  writing  it  is  convenient  to  introduce  the  abbreivation 
(A70)  cf  =  C2  -  ix 

m  p 


•in  terms  of  which  the  dispersion  relation  can  be  expressed  as 


2  2  '  ~  2  i 

or  -  JD  -  cf  sin2« - - - -  jD  -  cf  cos2  6  -  C4  sin2  ft  cos2  ft 

1  -  jQC2^  Lft  J 


■H 


Rearranging  the  expression  sc  that  all  like  trigonometric  functions  are  grouped  together  reduces  the 
dispersion  relation  to 


(f‘j( 


r^- 


op  P 

C“A^cos^ # 
m 


jQC2^/  1  -  dQC2^ 


Since  the  square  of  the  Alfven  speed  is  small  compared  to  the  other  parameters,  for  waves  in  the  sea,  it 
is  convenient  to  group  together  all  terms  multiplied  by  A^,  giving 

/a  *.  /  a  \  fy  -  3D  -  cos2  6 


For  extracting  the  roots  it  is  more  convenient  to  reexpress  the  dispersion  relation  in  the  form 
(A74)  ^  ‘  Cfcos2®  "  jlj)  =  0  • 

If  there  were  no  magnetic  field  present  the  dispersion  relation  would  reduce  to 

IAW  ’  > 

The  solutions  to  this  are  ;oet  the  uncoupled  acoustic  shear  wave 

(A76)  ~  =  ±JW 

'  a 

the  uncoupled  acoustic  compression  wave 

(A77)  4~  =  +  jD  , 

B 

c 

and  the  uncoupled  electromagnetic  eddy  current  wave 
(A78)  y"  a  *  ftfp 


The  subscripts,  s,  c,  and  e  have  bee.i  attached  to  decignate  that  the  complex  phase  factors  are  respectively 
for  the  acoustic  eh&ar  wave,  the  acoustic  compressional  wave  and  the  electromagnetic  eddy  current  wave. 

The  earth's  magnetic  field  causes  coupling  betvien  these  three  types  of  propagation  modes  giving  rise  to 
the  HHD  mooes.  However,  since  the  square  of  the  Alfven  wave  speed  is  small  the  coupling  between  the 
basic  wave  types  are  small  and  lsence  the  resulting  KHD  modes  are  very  similar  to  the  three  basic  modes  in 
the  absence  of  coupling.  The  small  coupling  allows  an  accurate  solution  for  the  HHD  mode  characteristics 
in  the  sea  to  be  obtained  with  the  first  two  terms  of  an  expansion  in  powers  of  the  Alfven  wave  speed 
sqiared,  where  the  first  term  represents  the  mode  in  the  absence  of  the  coupling  dc  magnetic  field. 

oo^ving  the  dispersion  relation  is  facilitated  by  letting  x  be  the  variable  m /p  ,  x^{  x~i  x,  be  the 
coupled  roots,  sr.d  »1,  i?,  5  be  the  corrections  due  to  coupling.  With  this  notation  change  the  ^disper¬ 
sion  relation  has  the  form  5 

(A79)  (x  -  x1)(x  -  x^Mx  -  Xj)  -  «x(x  -  a)  =  0 

p  2  ? 

whore  e  .s  a  3mal)  quantity,  A  ,  and  a  :  C  cos  ft  •  jD  rcexnrersmg  t:.e  cub'c  equations  ah  the  form 


V(x  -  *2 


A,)(x  -  xT  -  f> ,) 


tx^(xj  -a' 

TVVTVV 


J^k^i 


This  gives 
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(*82) 

K. 


(A84)  d 

K 

Consequently 

(A85)  }B 
(A86)  f> 


jD+^£ °£± 

'-4 

c2  +  jD  +  ifedt  - 
n  TTjsZH 
C«  +  ^D 

,  .2  C2cos2fl+  jD  -  jQc2 

jQc  4  ‘  d  ?  2 

1  — ^  C2  +  .ID  -  jQc2 
Qc2  m 


•  *2  2  " 
+  _m _ .  2  A  cos  0 

*  YjdL  2  D  -  Qc2J 


K+iD 


1  2  A2sin2  " 

2  C2  +  ID  -  jQc2 

-  ifi 


m 

i  +i-4- 

C^cos2a  i  jD  -  jQc2 

Vj'ic2 

2  Qc-D 

C2  *  jD  -  jQc2 
n  -* 

Considering  only  the  positively  traveling  waves  and  preparing  ...e  ,;.,ons  for  separation  if  the  atten¬ 

uation  and  the  phaGC  factors  gives 

r  p  "i 

/ADO)  o  ,n  ^  \  U  3  A  cos  ^  I 


(A88)  B  =  -^k(1  -  j)  1 

®  u  r\  ^  A.'" 


(A89)  pc 


*F©af  l;c 


Qc  -  0 
/  2D  \  2 


I 

~  .|r-5Dii  ,][  ,w» 02  •  ^  -  f > 
*  1  -  ill1  +  “ 2  -  1  h  T~  -V  r  2  -?b\2 


2  C*  +  (Qc2  -  y)2 


(1-j)  1 


1  »2  (%*  -  “)  .  i[w  .  (s=2 .  -  f .  §  «n2| 

,c2-D  c*  ;  (%2  .  f  )= 


The  phase  speed  and  attenuation  of  the  oco *r.t  ,c  chear  type  Mil*  ore  g^ven  by 

(A91)  V  =  fiF  [l  r  A  AW.°- 
B  '  2  Qc2  -  D  J 


;  ,  1  A2cos2fl  1 

—  s  -  2Qc2-dJ 

The  phase  speed  and  attenuations  of  the  acoustic  compression  -type  MiiP  node  are  given  by 


(A93)  V 


(A94)  « 


i+(!%)?  r ,  A2.2„ 

1  /?  \3e  /  1  _1  A  sin  n  _ 

*  I — T^TTS  2  7*“  Id,2  20F 

+1  ^  "  T 


C“‘  .  (Qc  -Zf) 


il  ♦  p  2  _  i 

2  2D,  I  V3C 7 _ 


tW-' 


BP  150 


,  .2_2  .  2 

1  A  C  r.m 


2  2D, 2  2 


*■  C%(Qc2-^) 


r*  -  —  2  2D 

1  .2  .  2„  I  C  .  /2D  \2 

+  7-'™°]] f+(p) 


The  phase  speed  and  alternation  of  the  electromagnetic  eddy  current  type  MHD  wave  are  given  by 
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The  key  point  of  Dr.  Galejs'  review  was  to  identify  the  sources  of  the  ELK  waves  and  how 
they  propagate.  The  ionospheric  models  were  also  of  interest.  Maybe  he  could  have  further 
comments. 

I  have  very  little  to  add  -  Dr.  Wait  and  others  may  have  some. 

A  great  deal  of  work  has  been  done  by  Dr,  Galejs  and  others  on  situations  where  the  anten¬ 
nas  are  buried,  or  above  ground,  and  where  the  signal  propagates  via  the  earth  ionospheric 
waveguide.  People  should  be  aware  of  this  relevant  work. 

We  have  natural  noise  originating  in  thunderstorm  centers.  The  wavelength  is  so  large  at 
ELF  that  we  can't  use  the  earth-ionosphere  waveguide.  What  mechanism  can  we  use  t  Is  the 
wave  mode  a  surface  wave  or  a  space  mode  ? 

If  you  start  near  a  source,  you  can  use  ground  and  sky  waves.  As  you  move  away,  you  have 
more  of  a  sky  wave.  Only  one  mode  is  present  in  the  sky  wave  as  you  move  away.  The  others 
attenuate  rapidly. 

Dr.  Galejs  is  saying  that  a  mode  series  is  a  more  rapidly  convergent  representation  at  great 
distances  from  the  source,  but  it  remains  valid  at  all  distances.  At  short  distances,  it  is 
more  convenient  to  use  wave  hop  series  where  the  first  tern  is  the  ground  wave. 

Do  man-made  signals  verify  these  theories  for  the  first  feu  hundred  km  1 

Only  California  to  Hew  York  paths  were  used.  In  France,  distances  were  very  short. 

The  next  topic  on  mixed  paths  was  covered  by  Wait  and  Biggs.  It  is  important  to  consider 
the  inhomogeneities  in  any  path,  such  as  coast-lines  and  pronounced  topographical  features. 
This  is  true  even  when  the  major  portion  of  the  path  is  over  the  sea. 

We  would  like  more  measurements  on  the  theoretical  subjects  discussed  above,  but  funds  are 
low  for  supporting  such  investigations. 

What  is  the  effect  of  sea  wave  distortions  on  communications  above  and  below  the  surface  - 
digital  and  voice  ? 

This  is  a  problem  depending  on  the  channel  used  -  at  low  frequencies ,  lower  distortion 
occurs  -  it  rises  with  frequency. 

In  the  present  context,  what  is  the  "hammer  and  tong"  manner  referred  to  by  Dr.  Wetzel  '! 

It  alludes  to  a  blacksmith  -  in  hammering  the  problem  to  fit  the  solution. 

Use  of  pressure  sensors  might  be  worthwhile.  Recent  unpublished  work  has  shown  that  close 
correlations  exist  with  electromagnetic  fields  in  the  ocean.  Possibilities  exist  for  noise 
cancellation  if  such  correlations  could  be  established. 


BROCK-NAHHESTAD  :  Most  papers  deal  with  deep  water  effects  -  but  the  sea  bottom  snould  also  be  consi¬ 
dered.  Much  of  the  continental  shelf  is  in  shallow  water  and  the  sea  bed  influence  is  si¬ 
gnificant  (e.g.,  at  depths  of  the  order  of  150  meters). 

VIRGIN  i  Isn't  this  a  nulti-layer  problem  ? 

BROCK- NAN  NESTAB  :  Hot  entirely.  The  sea  bed  itself  is  irregular  and  sub-surface  layering  provides 
further  distortions. 

WAIT  :  In  Brock-Hanr.estad'a  investigations  in  Vne  Kattegat,  mixtures  of  Baltic  and  North  Sea 
waters  are  also  present.  These  have  different  characteristics.  Is  this  a  problem  ? 

ESSMAHH  :  In  our  measurements,  signals  from  buried  dipoles  near  banks  resulted  in  minor  changes. 

Only  effects  were  near  the  bank. 

BROCK-KANNESTAD  :  Was  only  one  component  measured  above,  or  the  total  ?  Gone  components  (i.e.,  ver¬ 
tical  II )  are  affected  more  than  others. 

WAIT  :  We  would  like  Dr.  Barrick  to  talk  about  the  physical  meaning  of  his  boundary  perturbation 
approach.  Can  he  explain  the  significance  of  his  effective  surface  impedance  1  Also,  13  it 
proper  to  use  this  in  a  detciainislic  description  of  what  is  actually  a  random  rough  surface 

BARRICK  :  I  will  discuss  some  alternatives,  I  looked  at  a  guided  vawe  over  ar.  impedance  plane.  It 
looks  like  a  Zcnncck  wawc.  We  used  a  plane  vawe  above  a  field  with  and  without  roughness. 

A  series  expression  was  used  to  cover  roughness  perturbations ,  liov  does  this  relate  to 
spherical  modes  ?  I  used  a  method  like  that  of  Rice  in  1951.  The  justification  is  that  a 
sphere  looks  locally  flat.  This  is  only  valid  for  amplitudes  small  in  comparison  with 
spatial  wavelengths , 
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A  surface  impedance  can  be  used  vith  ground  waves.  But,  how  is  energy  scattered  into  the 
higher  grating  modes  accounted  for  in  the  present  problem  (see  also  discussion  after 
Barrick's  paper)  I 


What  do  we  mean  by  modes  7 
Different  things  ! 

We  retain  only  the  ground  wave  because  of  the  high  attenuation  of  the  HF  sky  waves.  No 
ionosphere  is  present  in  the  analysis  ! 

You  can  use  a  perturbation  technique  for  a  spherical  earth. 

The  perturbation  technique  could  be  used  with  a  MIE  series  and  the  Watson  transform. 


It  is  easier  to  deal  with  flat  surfaces. 


Rayleigh  treated  the  sinusoidal  surfaces  in  1902  -  and  this  is  the  starting  point  for  much 
of  the  current  work  on  the  subject.  In  principle,  Rayleigh's  method  can  be  applied  even 
if  the  mean  level  of  the  surface  is  curved. 


The  perturbation  method  used  by  BarricK  does  not  seem  valid  for  non-sinusoidal  profiles 
such  as  a  trochoid. 

Any  profile  can  be  treated,  provided  it  has  a  valid  Fourier  expansion  ;  however,  the 
process  breaks  down  for  high  sea  states. 

The  sea  is  a  sum  of  sine  waves  of  infinitesimal  amplitude  -  do  we  go  from  sines  to  trochoids 
as  the  sea  gets  rougher  7 

If  we  use  Fourier  series,  we  have  sines  and  cosines,  Barrick  uses  Fourier  series  and  he 
only  uses  sinusoids.  How  does  Barrick  justify  this  procedure  ? 

1  used  the  sinusoidal  form  (or  superposition  thereof)  because  of  restrictions  on  trochoidal 
surfaces. 

What  about  internal  waves  7  These  have  been  observed  in  high  density  areas,  like  the  Straits 
of  Georgia. 

:  We  don't  know  much  about  the  theory.  Small  rivers  flow  on  the  surface  of  the  ocean. 

:  Oceanographers  can  learn  many  things  from  radar  people. 

:  Backsc8*ter  can  measure  sea  states  a  few  hundred  km  from  coastlines.  Relatively  low  frequen¬ 
cies  must  t>e  used.  Nonlinear  interactions  between  waves  need  to  be  studied.  Only  wave  tank 
experiments  have  been  used  to  demonstrate  this,  but  it  is  possible  that  nonlinear  effects 
can  be  observed  using  coherent  backscatter. 

!  Subsurface  ships  need  to  know  about  subsurface  waves.  Can  we  detect  these  7  They  have  impor¬ 
tant  applications  -  like  crushing  submarines. 

i  MHD  or  Alfven  vaves  can  be  supported  in  conducting  media.  A  paper  by  Cohen  on  this  subject 
was  not  presented.  In  my  early  work  on  this  subject,  I  had  found  that  the  classical  skin- 
depth  calculations  are  only  modified  by  MHD  effects  if  the  wave  periods  exceeded  hourB  I 
Thus  my  interest  in  the  problem  dropped. 

:  In  1956-1957,  I  made  calculations  of  these  effects.  The  results  were  worthless  because  of 
such  slow  velocities.  I  know  of  no  associated  work. 


s  Any  other  vavy  interface  problems  7 

:  How  do  we  feel  about  monitoring  sea  states  1 

:  I  think  resonant  backscatter  measurements  at  appropriate  radio  wavelengths  can  be  used  to 
measure  sea  state,  I  think  this  is  a  ouch  more  direct  method  of  finding  vaveheights,  etc., 
than  by  inference  drawn  from  guesses  of  the  local  wind  velocity  and  history.  This  i»  parti¬ 
cularly  the  case  since  recent  observations  of  wave  growth  with  distance,  under  fetch  limited 
conditions,  show  results  which  are  much  greater  than  theory  would  predict. 

:  Oceanographers  use  wave  forecasting  programs  -  the  U.S,  uses  them  for  the  North  Atlantic 
and  saves  travel  time  and  cargo.  Not  enough  wind  data  is  available.  With  better  forecasts, 
ships  stay  away  from  high  wind  areas  -  so  the  data  drop3  vith  better  forecasts  -  a  dilemna. 

:  Is  wind  decided  by  pressure  gradient  7 

:  It's  easier  to  measure  wind.  You  want  to  know  about  ocean  veves.  We  looked  at  radar  systems 
to  do  this.  The  waves  seen  depend  on  wavelength.  The  longest  feasible  from  satellites  is 
75-80  cm  -  longer  have  ionospheric  trouble.  At  13.3  GHz,  ve  apparently  see  small  waves, 
which  are  proportional  to  v::.d.  The  best  vavelengtn  for  waves  depends  on  your  likes  -  for 
winds,  centimeters,  and  for  waves,  meters. 

:  There  is  no  evidence  to  shrv  that  small  waves  are  proportional  to  vind.  Temperature  effects 
and  other  factors  are  complicated  problems.  I  think  that  the  problem  of  winds  will  be  solved 
in  my  wave  tank.  We  don't  know  enough  about  short  gravity  waves, 

:  As  Wright  says,  there  are  many  complications  that  must  be  investigated  ;  but  although  wave- 
tank  measurements  are  important,  the  will  not  settle  what  happens  with  real  seas  for  winds 
above  20  knoto  or  so.  Mr.  Croobie's  measurements  cover  a  different  problem.  Other  (than  NASA 
and  NRL)  measurements  exist  on  wind  and  backscatter  data,  and  often  show  the  effects+Been  in 
NASA  data.  The  NRL  system  is  accurate  to  -  2  dB,  and  the  NASA  3ystea  is  accurate  tc  -  ^  dB 
for  relative  measurements, 

:  The  small  surface  irregularities  are  important ,  and  they  hove  «  temporal  nature.  Difference* 
in  water  characteristics  can  occur  over  even  a  short  distance. 
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SOMMAJRE 

On  a  me»ur<  la  coherence  apatiale  du  rayonnement  emit  pa.-  un  later  k  argon,  k  onde 
continue,  aprka  propagation  k  travera  t'eau.  On  a  ddterrnind  expdrimentalemer.t  2a  on 

degrd  normalitd  de  coherence  en  calculant  la  viaibilitd  de  la  configuration  dea  >.*angeu  par  un 
faiaceav:  laaer  loraque,  aprka  a'ttre  propagd  k  travera  l'eau,  il  frappe  deu*  ouverturea  ponc- 
tuellea  . 

On  a  procldl  k  dea  meaurea  en  laboratoire  aur  un  dchantillon  d'eau  du  robinet,  et  deux 
dchantillona  d'eau  naturelle,  frafche.  Outre  la  coherence,  on  a  meaurt  pcur  cheque  dchanUUt  a, 
le  coefficient  d'attdnuation  du  rayon,  aur  deux  dea  frequence*  que  l'on  pout  obtenir  avec  ie  lasir 
k  argon. 

Lea  rlaultata  obtenua  indiquent  que  lee  propridtda  de  coherence  apatiale  du  rayon  laaer  ne 
aont  paa  ddgradlea  t,s  faqon  importante  par  la  propagation  du  rayon  k  travera  lea  dchantillona 
d'eau  £tutl:£*.  du  moina  pour  dea  longueura  de  trajectoire  de  propagation  atteignant  12,25  lon¬ 
gueur*  d' attenuation. 
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SUMMARY 


The  spatial  coherence  of  the  radiation  from  an  argon  lar-er  after  propagation  through  water  has 
been  measured.  Measurements  were  performed  for  one  sample  of  tap  water  and  two  samples  of  natural, 
fresh  water.  The  rer'lts  indicate  that  the  spatial  coherence  properties  of  the  laser  beam  are  not 
significantly  degraded  by  propagation  through  the  water  samples  considered,  at  least  for  propagation 
path  lengths  of  up  to  12.25  attenuation  lengths. 

1.  INTRODUCTION 

The  propagation  or  ' <?ht  in  water  has  w-en  a  subject  of  continuing  interest  for  many  years. 
Duntleyl  has  presented  a  very  complete  account  of  the  optical  nature  of  ocean  water,  the  distribution 
of  light  intensity  in  the  field  of  underwater  incandescent  light  sources,  and  *he  propagation  of 
collimated  beams  of  cht  from  ■incandescent  underwater  sources.  Duntley*  has  also  r-'orted  underwater 
acasurements  of  the  ir  diance  distribution  in  the  field  of  a  pulsed,  neodymium-doped  glass  laser 
operating  at  a  wave  length  of  0.53  microns.  Since  one  of  the  exciting  properties  of  laser  signals 
is  spatial  coherence,  a  study  of  this  property  under  various  propagation  conditions  is  highly 
desirable.  Such  a  study  would  contribute  significantly  to  Duntley's  investigation  of  the  propagation 
characteristics  of  laser  radiation  in  water. 

Measurements  of  the  spatial  coherence  of  the  radiation  from  a  pulsed,  frequency-doubled 
neodymium-doped  glass  laser  operating  in  lake  water  were  attempted  by  Gilber,  Stouer,  and  Jernigan^; 
however,  no  reliable  conclusions  were  drawn  from  their  data  inasmuch  as  they  failed  to  observe  any 
interference  fringes  that  could  not  be  attributed  to  noise.  There  is,  however,  little  reason  to 
expect  much  spatial  coherence  In  the  output  of  such  a  laser  because  of  the  wave  front  distortion  w.iich 
results  from  the  signal  passing  through  the  frequency -doubling  KDP  crystal^.  Hodara1*  reported 
measurements  of  the  spatial  coherence  of  radiation  from  a  helium-neon  laser  in  tap  water.  He  reported 
ohat  no  degradation  in  the  spatial  coherence  properties  of  the  radiation  was  detected  for  water  path 
lengths  of  up  to  four  attenuation  lengths  in  the  clear  tap  water. 

c  5  y 

It  is  well  known'''  ' 1  that  the  spatial  coherence  properties  of  a  laser  signal  propagating 
through  the  atmosphere  are  degraded  by  random  fluctuations  in  the  index  of  refraction  of  the  atmosphere 
due  to  turbulence.  Hod  ora1*  has  pointed  out  that  due  to  the  relative  incompressibility  of  water  the 
refractive  index  fluctuations  of  clear  water  and  the  resultant  Iobs  of  Bpatlal  coherence  should 
be  negligible  compared  to  those  encountered  in  air.  In  natural  water,  however,  suspended  particulate 
matter  and  marine  biological  organisms  in  the  water  cause  refractive  index  discontinuities  along  the 
propagation  path  resulting  in  scattering  of  the  incident  radiation  .  The  measurement!,  reported  here 
were  performed  in  order  to  determine  the  effects  of  the  suspended  particulate  matter  and  marine 
biological  organisms  in  the  water  on  the  spstlal  coh' -  nee  properties  of  we  e-iguc1  pawing  through 
the  water. 


2.  THEORY 


In  order  to  adequately  represent  a  wave  field  produced  by  e.  partio,.ly  coherent  source,  such 
os  a  laser,  it  is  necessary  to  introduce  some  measure  for  the  correlations  that  exist  between  the 
field  components  at  different  points  in  the  field.  Born  and  Wolf®  have  formu1 atea  these  correlation 
functions  in  terms  of  the  complex  analytic  signal  representation  of  the  field  amplitudes.  Uring 
this  representation  the  normalized  degree  of  coherence  between  two  points,  P^  ant  Pg,  is  defined  as 


y(px>  p2;  t)  = 


<Vj(t  +  t)  v2*(t)> 


(1) 


where  Vj  is  the  complex  analytic  signal  associated  with  the  field  at  noint  Pj,  I j  is  the  lrradlanoe 
of  the  field  at  point  Pj,  T  is  the  time  delay  between  observations  of  the  fields  at  point  and  P2, 
end  the  angular  brackets  denote  a  time  average.  The  spatial  coherence  of  the  radiation  field  is 
found  by  taking  t  *=  0  in  Eq.  (1)9. 


*Ti.in  work  was  sponsored  in  part  by  NSF  Grant  GZ971*.  Sandla  Laboratories  participated  by  lending  the 
researchers  an  argon  laser  to  use  In  the  measurements. 

+S.  0.  Varnado  is  nov  with  Sandla  Laboratories,  Albuquerque,  New  Mexico  87115. 
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Use  experimental  determination  of  the  magnitude  of  the  normalized  de'^rea  of  coherence  can  be 
accomplished  oy  analyzing  the  rr-.ults  of  a  suitably  designed  interference  experiment^.  In  such  an 
experiment,  the  radiation  is  ailt-ea  tc  fall  upon  two  apertures,  usually  slits  or  pinholes.  located 
at  points  i?]_  and  ?o.  Interference  fringes  are  then  foimed  in  the  field  of  the  apertures,  an.'*  the 
visibility  of  the  fringes  is  tin  indication  of  the  spatial  coherence  of  the  radiation  incident  upon  the 
apertures.  If  a  point  Q  is  taken  such  that  it  xs  located  in  the  field  of  the  apertures  equidistant 
from  !?]_  and  P2>  the  magnitude  of  the  normalized  degree  of  coherence  between  P]_  end  P2  can  be  expressed 
in  terms  of  measu  .ble  quantities  as® 


ViPy  i'2S  0) 


fl  •  I.  ,  1  f. 

max  mlii 

I  +  I  ‘ 

L  max  minj  l 


I(1)(Q)  ±  I(_a)(.<t) 


q)  Vi(2'(q) 


(2) 


Here  Ijq- x  and  I^j,  are  the  maxima  and  the  minima  of  irraaionce  »r  point  Q  in  the  interference  pattern, 

and  I'J'(Q)  is  the  irradiance  at  point  Q  due  to  radiation  from  the  aperture  ac  point  P.  alone.  Th'- 
expression  in  the  first  bracket  on  the  right-hand  side  of  Eq.  (2)  denotes  the  visibility  of  the 
interference  fringes.  Eq.  (2)  is  the  basis  for  the  experimental  work  described  in  this  paper. 

3.  EXPERIMENTAL  EQUIPMENT  AND  PROCEDURE 

The  experimental  arrangement  used  to  study  the  propagation  characteristic!}  of  the  spatial 
coherence  of  laser  radiation  in  water  is  shown  schematically  in  Pig.  1.  The  water  tank  was  constructed 
of  plywood  and  fiber  glass  Ct  dimensions  3.Cc  asters  x  0.610  meters  x  0.61C  meters  and  having  a  water 
capacity  of  approximately  350  gallons.  The  laser  signal  entered  the  water  by  means  of  h  movable 
periscope  which  allowed  the  water  path  length  to  be  varied  as  desired.  A  plate  glass  window  served 
as  the  exit  port  for  the  laser  beam.  A  maximu;:  path  distance  of  2.5  meters  was  obtainable  with 

the  equipment  shown. 

The  laser  used  for  the  meam-  oments  reported  here  vas  a  Sgectra-Physice  Model  l4l  continuous 
wave  argon- ion  laser.  The  two  primary  output  wavelengths  (i*880  /  and  51^5  a)  of  this  laser  are 
located  In  the  blue-green  portion  of  the  frequency  spectrum  ■'tor  which  the  absorption  of  light  by  water 
is  a  minimum.  The  beam  diameter  of  this  juxier  was  2  millimeters. 

The  pinho]  e  apertures  used  in  these  sieasurements  were  kOO  microns  ir  diameter  and  were  mounted 
in  a  micrometer  positioner  which  allowed  the  pinholes  to  be  placed  in  the  center  of  the  beam.  'Sor 
each  measurement  the  pinholes  were  placed  as  close  to  the  plate  glasB  window  of  the  tank  as  possible. 
Two  pinhole  assemblies  were  constructed  with  separation  distances  between  the  pinholes  of  one 
mllllceter  and  two  millimeters.  Two  mirrors,  %  and  H>,  Pig.  1,  were  used  i.~  increase  the  path  length 
between  the  pinhol: s  and  the  photomultiplier  to  allow  for  proper  formation  of  the  fringe  pattern. 

Tne  fringe  patterns  were  recorded  using  an  TCA  5819  photomultiplier  which  was  equipped  with  an 
adjustable  slit  aperture.  In  all  cases  the  s'" it  width  was  much  smaller  (<l/50)  than  the  width  of  the 
interference  fringes.  The  photomultiplier  was  mounted  on  a  linear  translation  Btage  to  allow 
scanning  of  the  interference  pattern.  The  photomultiplier  voltage,  which  is  a  direct  measure  of  the 
light  irradiance,  w as  recorded  on  the  y-axis  of  an  x-y  recorder  while  the  x-axis  of  the  recorder  was 
driven  by  the  voltage  from  a  potentiometer  which  indicated  the  position  of  the  photomultiplier  in  the 
fringe  pattern.  A  typical  interference  pattern  recording  is  shown  in  Fig.  2.  The  pattern  eh, own  was 
obtained  for  propagation  over  an  all  air  path  with  a  pinhole  separation  distance  of  one  oJlliMter 
and  the  pinholes  located  a  distance  of  0.2  meters  in  front  of  the  laser.  The  discontinuities  obser-ed 
in  the  pattern  at  a  photomultiplier  position  of  -6.0  millimeters  arc  due  to  noise  in  the  x-auis 
potentiometer  of  the  x-y  recorder.  The  normalized  degree  of  coherence  for  the  are--,  laser  for  the 
stated  conditions  can  be  obtained  frve  the  curves  in  Fig.  £  in  accordance  with  Jq. 

Radiation  at  optical  frequencies  experiences  exponential  attenuation  with  distance  in  water. 

The  rate  of  attenuation  veries  for  different  bodies  of  water  and  depends  upon  the  amount  of  particulate 
matter  and  marine  life  in  the  waterl.  The  power  remaining  in  a  laser  beam  after  propagation  through 
a  walar  p  vth  of  length  z  is  given  by 


PLe 


-bz 


(3) 


where  is  the  transmitted  power,  and  b  is  called  the  beam  attenuation  coefficient.  The  coefficient 
b  includes  the  effects  of  both  scattaring  and  absorption.  The  quantity  l/b  is  termed  the  attenuation 
len-th  of  the  water. 

The  measurement  of  the  beam  attenuation  coefficient  for  each  water  sample  reported  here  was 
accomplish^.  by  measuring  the  power  contained  in  the  laser  beam  after  propagation  through  various 
water  path  lengths.  The  measurements  were  performed  with  an  EG&G  Model  580  Radiometer  which  was 
placed  at  the  position  of  mirror  in  Fir.  1.  The  ra 1  'ometer ,  with  a  res '.renting  t.perture  place  ’ 
in  front  of  t!  !■  t<-  •«  ir  to  ..cop  out  scattered  ligut,  intercepted  til  of  the  main  beam  so  that  the 
total  attenuation  coefficient  was  measurri  and  no  correctioq  was  needed  for  beam  spreading  loss. 
Measurements  of  b  >ere  made  at  the  two  wavelengths  of  4tt80  A  and  51t5  A  for  each  water  sample. 
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The  degree  of  spatial  coherence  of  the  argon  inner  signal  was  manured  as  a  function  of  water 
path  length  for  eac£  of  throe  vat’r  sanples.  The  spatial  coherence  measurements  were  iodc  at  a  signal 
">leigth  of  5--!l5  A. 

The  "viniraum  water  path  dJstance  at  which  spatial  coherence  measurements  were  made  was  meters 
while  the  maximum  water  path  distance  was  limited  by  the  attenuation  of  the  signal  for  a  given  water 
sample  and;  therefore,  varied  from  water  sample  to  woter  sample.  In  the  lake  watt for  example,  the 
maximum  physical  water  path  distance  over  which  spatial  coherence  measurements  could  be  made  was  1.57 
meters;  however,  this  is  a  distance  of  13.25  attenuation  lengths. 

For  :-ach  water  sample,  the  spatial  coherence  was  measured  first  at  the  aiitirum  v>ter  path 
diota.'.'e  for  pinhole  separation  distances  o.°  one  millimeter  and  two  mi.  dimeters.  The  vatei  path 
distance  wsf.  then  increase-'  by  sliding  the  periscope  toward  the  laser  •  prescribed  distance ,  usually 
0.2  meters,  and  the  meaouremt r.ta  repealed.  This  procedure  was  reported  until  the  attenuation  of  the 
water  reduced  the  signal  to  the  point  where  photomultiplier  nurse  precluded  any  further  increase  iu 
water  path  length. 

Due  to  the  exponential  attenuation  of  th-*  signal  by  the  woter,  '•  argo  variations  in  the  power 
incident  upon  the  pinhole  apertures  were  expei lc.uced  as  the  ware,  path  stance  was  changed.  To  avoio 
saturating  the  photomultiplier  at  short  water  path  distances,  neutral  dens. tv  filters  were  inserted 
in  the  beam  as  needed  prior  to  the  beat  entry  into  tu"  periscope.  These  filt."  ~.  hod  no  effect  on  the 
coherence  pioperties  of  the  beam,  and  their  use  made  it  possible  to  maintain  the  photomultiplier  slit 
width  at  a  constant  value  as  the  water  path  distance  increased. 

k.  OESCRETION  OF  THE  WATER  SAMPLES 

Measurements  Ver<  performed  for  three  dlff-  -r.t  -Ater  samples.  Th.'  first  sample  investigated 
was  ordinary  tap  water.  .....  _tt.: — ation. length,  l/b,  for  this  ample,  as  •  binined  from  the  radiometer 
data  in  ?*.g.  3,  was  3-wl  meters  tv*.  4630  A  and  3. meters  at  Jlltt  A. 

In  addition  to  the  tap  a'<.r  rompjLv,.  .,-u  -“.mples  of  natural,  fresh  water  were  .vll-'.'tod.  The 
primary  causes  of  light  scattering  in  naWfiU  "(tier  *» re  marine  biological  organ! 'ms  tad  particulate 
matter  in  the  water1-.  Tyler  and  Richardson  10  have  pti.i'd  out  that  large  cl-  r.ges  in  the  marine 
population  occur  in  samples  of  ocean  or  lake  waters  upon  re  ..ova.  i.-.m  taeir  .atural  habitat,  sn-1  they 
have  emphasized  the  desirability  of  performing  in  situ  iwsuremenfs  of  the  t  .teal  properties  of  natural 
water.  In  situ  measurements  are,  however,  difficult  to  make  and  require  cc  siderable  logistic  support. 
In  order  to  approximate  the  actual  conditions  f  end  in  natural  water,  two  preen jtio*>r.  were  taken  in 
carrying  out  the  experiments  reported  here.  First,  the  water  samples  were  collected  r  -om  bodies  of 
water  located  near  The  University  of  Texas  at  Austin  to  insure  thot  measurements  could  .  7  -i&de  shortly 
after  collection  of  the  sample.  Secondly,  large  samples  (20C0  gallms)  were  collected  tc  insure 
min. mum  disturbance  of  marine  e"  logy.  In  the  two  cases  reported,  measurements  were  made  within  ti.  ■>«* 
to  four  hours  of  sample  collec*  .on.  .he  two  samples  were  obtained  from  the  Colorado  River  and  from  a 
spring-fed  creek,  both  at  Austin,  Texas. 

Attenuation  measurements  fjr  e-ch  Garnpl.  were  made  ut  the  time  of  delivery  and  :igai:i  several 
days  after  delivery.  Fig.  1>  is  s  ;lo,  of  the  radiometer  data  obtained  for  the  Colorado  River  water 
at.  three  different  times.  Measurements  were  made  at  th.-  time  of  deliver,  of  *!;e  '.ar*'1  s,  forty-eight 
hears  after  delivery,  and  nin.  days  after  delivery.  The  decrease  in  n-te-  ...avion  with  t<  1  ^  due  to 
tee  settling  of  particulate  matter  and  the  decrease  in  the  population  of  *•*  ..•••■  r .-  1  -.cl  o.-’er 

The  attenuation  coefficient  decrecst-d  by  36.5  per  cent  in  the  first  48  hours  or.u  oy  3*0  t-. .  cent  • 
the  nine  day  period. 

Fig.  5  is  a  similar  pic.’,  r j,  the  soring- fed  creek  sample.  The  attenuation  coefficient  for  this 
sample  was  less  than  that  of  the  Colorado  River  water  by  a  factor  of  approximately  3  at  the  time  of 
delivery.  The  change  ir.  attenuation  coefficient  over  the  first  forty-c*  .ght  hour  period  was  21.4 
per  cent  indicating  less  particulate  matter  in  this  sample  than  in  the  river  water  sample. 

Ir.0oll  water  samples  studied,  the  attenuation  was  slightly  less  at  the  51**5  A  wavelength  than  at 
the  **880  A  wavelength . 

5.  RESULTS  AND  CONCIUSIONS 

With  the  equipment  arrangea  as  shown  in  F.w.  .1  and  the  tank  empty,  measurements  were  made  of 
the  spatial  coherence  cf  the  argon  laser  signal  after  it  had  passed  through  the  uerioocope  and  the 
plate  glass  window.  l..e  purpose  of  this  set  of  measurements  was  to  determine  th.--  effect,  if  or.y,  o. 
moving  the  periscope  or.  the  coherence-  prop";  ties  of  the  laser  slgnol.  Fig.  6  is  a  pJot  of  the 
measurements  which  shows  that  the  magnitude  of  the  normalized  '•‘.eye;  of  coherence  was  constant  as 
the  peri  scop  was  moved  from  one  end  of  the  tank  to  the  other.  Variations  obtained  in  the  degree- 
of  coherence  are-  well  within  the  experimental  error.  In  view  of  the  above  results,  any  change  !n 
the  degree  of  coherence  with  distance  when  the  tank  in  filled  with  water  can  tie  attributed  to  the 
effect  of  the  water. 

The  normalized  d.-gree  of  coherence  woe  found  to  be  approximately  0. 9 4  for  the  or.e  millimeter 
pinhole  separation  distance  and  approximately  0,86  for  the  two  millimeter  pinhole  r.epa  v.tion  distance 
for  moot  of  the  measurements  reported.  The  exuct,  value,  however,  depended  upon  the  sotti  ;g  of  *i.e 
wavelength  selection  prism  within  the  laser  cuvityll  and  was  slightly  different  for  each  water  -ample. 


27*4 


Fig.  7  i»  a, plot  of  the  coherence  measureo'.nts  for  the  tap  water.  As  expected  from  the  results 
reported  by  Hodara1*,  no  degradation  In  apatial  coherence  is  evident  over  the  2.5  meter  path  (0.725 
attenuation  lengths'.  The  scatter  in  the  data  points  is  within  the  experimental  error  and  is  due 
primarily  to  vibra'lons  of  the  nirrors  and  Mg  of  Jig.  1.  Figa.  3  and  9  show  colennce  measurements 
for  u.j  two  sample:'  of  natural  water.  These  measurements  v->re  made  after  each  sample  had  been  in  the 
tank  for  forty-eight  ho  ora.  Ini-.lal  measurements  made  immediately  after  delivery  of  the  water  samples 
showed  the  same  coherence  as  the  later  measurements.  Measurements  at  distances  greater  than  10 
attenuation  lengths  were  difficult  to  mate  due  to  the  signal  being  attenuated  to  the  point  where  the 
photomultiplier  noise  was  a  problem. 

In  the  two  samples  of  natural  vote* .  the  light  was  severely  scattered  by  particulate  matter 
and  marine  life;  however,  this  apparently  had  no  effect  on  the  coherence  properties  of  the  signal. 
Attempts  were  made  to  measure  the  degree  of  coherence  of  the  scattered  light  near  the  beam  axis; 
however,  no  conclusions  could  be  drawn  from  the  measurements . 

She  reeultc  of  this  study  show  that  any  deterioration  in  the  spatial  coherence  of  the  argon  laser 
signal,  for  transmission  through  the  water  samples  considered,  is  less  than  the  experimental  error. 

The  maximum  water  path  length  considered  was  12.25  attenuation  lengths. 
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RECEIVED  POWER  IN  ARBITRARY  UNITS  *”  RECEIVED  POWER  IN  ARBITRARY  UNITS 


WATER  PATH  LENGTH  IN  METERS 

Received  power  as  a  function  of  water  path  length  for  the  Colorado  River 
water  sample. 

* 

•  -  L88o  A  wavelength,  at  delivery. 

O 

0  -  511*5  a  wavelength,  at  delivery. 

A  -  1*880  A  wavelength,  1*8  hot  re  after  delivery. 

O 

A  -  511*5  a  wavelength ,  1*8  houi..  ofter  delivery. 

O 

■  -  !*G80  A  wavelength,  ')  days  after  delivery. 

Q-  511*5  wavelength,  9  dayc  after  delivery. 


WATER  PATH  LENGTH  IN  METERS 


Received  power  as  a  function  of  water  path  length  for  the  spring-fed 
creek  watpr  ceaple.  •  -  1*880  A  wavelength,  aj.  delivery. 

0  -  51^5  A  wavelength,  ot  delivery,  A  -  1*880  A  wavelength,  1*8  hours  after 
delivery,  A  -  51**5  A  wavelength,  1*8  hours  after  delivery. 
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Fig.  6  Magnitude  of  the  normalized  degree  of  coherence  for  the  argon  laaer  os  a 
function  of  the  distance  from  the  periscope  to  the  plate  glass  window  with 
the  tank  empty.  Pinhole  separation  distance:  •  -  1  millimeter,  A  -  2  millimeters, 
wavelength:  51^5  A. 
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WATER  PATH  DISTANCE  IN  ATTENUATION  LENGTHS 


Fig.  7  Magnitude  of  the  normalized  degree  of  coherence  for  the  argon  laser  as  a  furctlon 

of  water  path  distance  for  tap  water.  Pinhole  separation  distance:  •  -  1  millimeter, 
A  -  2  millimeters,  wavelength  51^5  A. 
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WATER  PATH  DISTANCE  IN  ATTENUATION  LENGTHS 


Fig.  8  Magnitude  of  the  normalized  degree  of  coherence  for  the  argon  laser  as  a  function 
of  water  path  distance  for  the  Colorado  River  water  sample.  Plnhile  separation 
distance!  •  -  1  millimeter,  A  -  2  millimeters,  wavelength!  51U5  A. 
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WATER  PATH  DISTANCE  IN  ATTENUATION  LENGTHS 


Fig.  9  Magnitude  of  the  normalized  degree  of  coherence  for  the  argon  laser  as  a  function 
of  water  path  distance  for  the  spring-fed  creek  water  sample.  Pinhole  separation 
distance:  •  -  1  millimeter,  A  -  2  millimeters,  wavelength:  51^5  A. 


KONTE-CARLQ  CALCULATION  OP  LIGHT 
TRANSMISSION  THROUGH  WATER 

by 

Kenneth  R«  Hessel  and  Alfred  H.  LaGrone 

Antennas  and  Propagation  Laboratory 
The  University  of  Texas  at  Austin,  Austin,  Texas  78712 


28 


SOMMAIRE 

Lea  caractdriatiquea  de  tranemieeion  de  la  lumifere  d'un  laaer  k  travera  l'eau  ont  ltd  ddter- 
mindea  k  l'aide  d'une  mdthode  de  Monte-Carlo  ;  cette  mdthode  conaiate  &  calculer  lea  trajectoirea 
de  photon  pour  prddire  la  rdpartition  du  rayonnement  aur  un  plan  perpendiculaire  au  faiaceau 
lumineux  principal,  &  une  diatance  quelconque  de  la  aource. 

Pour  effectuer  cette  dtude,  on  a  auppoad  que  le  photon  aubiaaait  une  diffuaion  aniaotrope 
de  la  part  dee  particulea  diffuaantea.  Lea  calcula  exigeaient  d'autre  part  que  l'on  connalaae  la 
longueur  moyenne  d'absorption,  la  longueur  moyenne  de  diffuaion  ot  la  probabilitd  de  diffuaion 
de  l'eau. 

On  a  proeddd  &  dea  calcula  aur  deux  dchantillona  d'eau,  &  deux  diatancea  diffdrentea  pour 
cheque  dchantillon  ;  lea  rdeultata  en  aont  prdaentda  au  coure  de  t'expoad.  Dea  meaurea  effectudea 
en  laboratoire  rdvfelent  une  excellente  concordance  avec  cea  rdeultata. 
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ABSTRACT 

The  transmission  characteristics  of  laser  light  through  water  have  been  determined  using  a  Monte 
Carlo  method  of  photon  tracing  to  predict  the  irradiance  distribution  on  a  plane  perpendicular  to  the 
main  beam  of  light  at  any  distance  from  the  source.  Anisotropic  scattering  of  the  photon  by  the 
scattering  particles  was  assumed.  The  calculations  required  a  knowledge  of  the  mean  absorption  length, 
the  mean  scattering  length  and  the  scattering  probability  for  the  water. 

Calculations  were  made  for  two  water  samples  at  two  distances  for  each  sample  and  are  reported. 
Laboratory  measurements  show  excellent  agreement  with  the  computed  values. 

1.  INTRODUCTION 

Multiple  scattering  of  a  photon  must  be  taken  into  account  in  any  study  of  the  transmission  of 
light  through  water.  While  analytical  methods  have  been  developed  for  radiative  transfer  £lj  ,  it  is 
extremely  difficult  to  calculate  numerical  values  when  the  scattering  function  is  strongly  anisotropic. 
The  Monte  Carlo  method  Tgl  ,  on  the  other  hand,  permits  the  use  of  anisotropic  scatter  functions  in 
predicting  the  distribution  of  irradiance  on  a  plane  perpendicular  to  a  beam  of  light  at  any  distance 
from  the  source. 

2.  METHOD 

The  Monte  Carlo  method  is  formulated  on  the  assumption  that  the  propagation  characteristics  of 
any  homogeneous,  isotropic  body  of  water  can  be  described  in  terms  of  a  mean  absorption  length  — n_,  a 
mean  scattering  length  and  a  scattering  probability,  f(8),  which  is  a  function  of  the  angleameasured 
from  the  arrival  path.  The  scattering  probability  is  derivable  from  a  volume  scattering  function  o(9). 
Further,  the  water  is  assumed  homogeneous  with  scatterers  large  compared  to  the  wavelength  of  light  yet 
small  compared  to  the  beam  diameter. 

The  parameters  required  in  the  Monte  Carlo  method  are  directly  measurable,  or,  as  noted  above, 
are  derivable  from  a  measured  function.  The  quantity  (a  +  8)  is  obtained  by  measuring  the  decrease  in 
the  on-axis  irradiance  of  non-scattered  light  with  increasing  water  path  length.  The  absorption 
coefficient  a  is  determined  approximately  by  using  a  large  aperture  detector,  a  short  path  (so  that 
back  and  angle  scattering  losses  Eire  negligible)  and  by  measuring  the  decrease  in  irradiance  of  the 
combination  of  both  scattered  and  non-scattered  light  with  increasing  water  path  length.  With  a  and  8 
determined  and  the  irradiance  distribution  known  at  a  given  distance,  it  is  possible  to  determine  the 
scattering  function  of  01  using  the  Monte  Carlo  method  and  an  iterative  technique.  Basically  the  method 
consists  of  varying  o(0)  systematically  from  an  assumed  scattering  function  [Cl  until  the  irradiance 
distributions  determined  by  the  computer  coincide  with  the  measured  irradiance Jdistributions. 

2.1  COMPARISON  OF  COMPUTED  AND  MEASURED  IRRADIANCE  CURVES 

The  absorption  coefficient  a,  scattering  coefficient  8,  and  volume  scattering  function  o(9),  as 
well  as  irradiance  distributions  across  the  beam,  have  been  measured  by  Duntley  |j3,  4]  for  various 
water  samples.  Fig.  1  shows  a  scattering  function  measured  by  Duntley  [4]  for  a  water  sample  taken 
from  a  local  lake.  Using  Duntley's  scattering  function  with  his  measured  a  =  0.73  nepers  per  meter  and 
0  =  0.606  nepers  per  meter  for  the  lake  water,  the  distribution  of  irradiance  perpendicular  to  the  beam 
was  computed  at  many  distances  using  the  Monte  Carlo  method.  The  irradiance  distribution  computed 
at  distances  of  3  and  9  meters  is  shown  in  Fig.  2  and  Fig.  3>  respectively.  The  path  of  4000  photons 
was  traced  in  obtaining  each  distribution  curve.  The  irradiance  scales  for  the  two  curves  are  identical. 
In  both  Fig.  2  and  Fig.  3  fluctuations  characteristic  of  the  Monte  Carlo  method  can  be  seen.  The 
amplitude  of  the  fluctuations,  of  course,  could  have  been  reduced  by  tracing  the  path  of  a  larger 
number  of  photons  but  with  a  corresponding  increase  in  the  time  required. 

The  computed  irradiance  distribution  shown  in  Fig,  3  compares  very  well  with  the  irradiance 
distribution  measured  by  Duntley  £4j  for  the  same  water  at  approximately  the  same  distance.  Duntley's 
points  are  included  in  Fig.  3  for  comparison.  Duntley's  measurements  [5]  were  for  a  constant  distance 
from  the  source  (the  angle  was  varied),  whereas,  the  calculated  values  reported  in  Fig.  3  are  in  a 
plane  normal  to  the  path  at  a  distance  of  9  meters  from  the  source.  This  would  mean  that  the  computed 
curve  would  have  a  steeper  slope  than  Duntley's  measured  curve.  There  were  no  measured  irradiance 
distributions  available  for  comparison  with  the  computed  distribution  shown  in  Fig.  2. 
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Figure  4  shows  a  scattering  function  derived  for  an  impure  water  sample  having  a.  »  3*6  nepers 
per  raoter  and  8  «  2.0  nepers  per  meter.  Measurements  at  1.0?  meters  and  1.57  meters  were  used  in 
deriving  the  scattering  function.  Fig.  5  shows  the  irradlanee  distribution  computed  by  the  Monue  Carlo 
method  with  the  measured  irradlanee  distribution  at  l.C?  meters.  The  agreement  is  good,  which  simply 
means  that  the  Monte  Carlo  parameters  for  the  problem  were  properly  evaluated.  Fig.  6  shows  the 
measured  and  computed  Monte  Carlo  irradlanee  distributions  at  2.1?  meters  using  the  parameters  obtained 
by  measurement  at  the  shorter  distances.  The  agreement  again  is  good.  The  good  agreement  in  this 
case  means  that  the  Monte  Carlo  method,  despite  the  large  a  and  8  measured  for  the  water,  enables  one 
to  significantly  extrapolate  measured  data  to  useful  distances  beyond  the  last  measured  point. 

3.  CONCLUSIONS 

The  Monte  Carlo  method  of  predicting  irradlanee  distributions  and  determining  water  parameters 
is  quite  effective  and  should  contribute  significantly  in  the  evaluation  of  underwater  systems  designed 
to  operate  in  the  visible  portion  of  the  electromagnetic  spectrum. 

Once  a,  8  and  o(0)  have  been  determined  for  a  given  body  of  water,  it  should  be  possible  to 
accurately  predict  i --radiance  distributions  to  distances  at  least  an  order  of  magnitude  longer  than 
the  longest  measured  distribution  distance  used  in  the  iterative  technique. 
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SCATTERING  ANGLE 


Fig.  1  Duntley'a  Volume  Scattering  Function  for  Lake  Water 
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DISTANCE  FROM  BEAM  (Meters) 

2  Irradiance  Distribution  at  3  MeterB  for  Duntley'a  Lake  Water  Sample 
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SCATTERING  ANGLE 


Fig.  4  Volume  Scattering  Function  for  Contaminated  Tap  Water  Sample 


LATERAL  DISTANCE  FROM  BEAM  (  Meters  ) 

Measured  and  Monte  Carlo  Irradiance  Distributions  at  1.07  Meters  tor  Contaminated 
Tap  Water  Semple 


Measured  and  Monte  Carlo  Irrouiance  Distributions  at  2.17  Meters  for  Contaminated 
Tap  Water  Sample 
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SOMMAIRE 

hauteur  ddcrit  un  programm  t  de  travail  dtendu,  mend  par  le  Laboratoire  de  recherche  dlec- 
tronsque  de  la  Co  Pletaty  dan*  le  but  de  determiner  l'attdnuation  d'un  faiaceau  lumineux  collimatd 
ae  propageant  k  travera  l'eau  de  mer. 

II  dtudie  d'abord  lea  facteura  qui  affectent  l'attdnuation  de  la  lumikre  ;  ce  aont  l'abaorption, 
la  diffuaion,  la  longueur  d'onde  et  la  divergence  du  faiaceau.  Cea  facteura  obligent  k  effectuer  unn 
adrie  de  meaurea  aur  lea  propridtde  de  diffuaion  et  d'attdnuation  de  l'eau.  L'auteur  ddcrit  la  con¬ 
ception  et  la  fabrication  de  l'dquipement  ndceaaaire  k  la  rdaliaation  de  meaurea  extrdmement 
prdciae*  de  l'attdnuation  d'un  faiaceau  collimatd,  in  aitu,  c'eat  k  dire  dana  l'eau  de  mer  ;  il 
expoae  enauite  certaina  ddtail*  du  programme  de  meaure.  Le  but  de  ce  programme  dtait  l'obtention 
de  profile  d'attdnuation  juaqu'k  une  profondeur  d'environ  300  m  pour  toute  une  gamme  de  turblditd 
le  l'eau  de  mer,  ainai  que  pour  d'autrea  condition*. 

L'auteur  prdaente  enfin  un  choix  de  rdeultata  obtenua,  en  montrant  qu'ila  aont  lid*  k  d'autrea 
facteura  d'environnement. 
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SUMMARY. 

The  paper  described  an  extensive  programme  of  work  which  has  been  carried  out  by  the  Electronics 
Research  Laboratory  of  the  Plessey  Company  to  determine  the  attenuation  of  a  oollimated  light  beam 
propogating  in  sea  water. 

Initially  the  factors  which  affect  the  attenuation  of  light  are  diecuseedi  these  are  absorption 
scattering,  wavelength  and  beam  divergence.  The  necessity  to  carry  out  a  series  of  measurements  on  the 
attenuation  and  scattering  properties  of  water  arises  out  of  the  consideration  of  these  factors.  The 

design  and  construction  of  the  equipment  necessary  to  make  highly  accurate  measurements  of  the 
attenuation  of  a  Collimated  beam  in  situ  in  sea  water  is  presented  and  followed  by  details  of  the 
measurement  programme.  This  programme  was  designed  to  obtain  the  attenuation  profiles  down  to  depths 
of  approximately  300  metres  for  a  range  of  sea  water  turbidities  and  other  conditions. 

A  selection  of  the  resulte  of  these  measurements  are  presented  and  it  is  shown  that  they  are 
related  to  other  environmental  factors. 
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1.  INTRODUCTION. 

The  general  requirement  which  initiated  the  r;ork  described  in  this  paper  was  the  determination 
of  the  total  attenuation  of  a  collimated  light  bean  when  posing  through  sea  water)  this  should  be 
determined  for  a  wide  range  of  sea  conditions,  geographical  locations  and  depths. 

1.1.  Aims. 

The  initial  aim  of  the  programme  of  work  was  to  investigate  wit 'tier  the  requirement  could  be 
met  by  the  use  of  results  obtained  by  other  workers.  It  was  ftund  that  though  natiy  workers  hRd  studied 
and  measured  the  attenuation  of  day  light  diffusing  down  through  the  sea  from  the  surface,  the  results 
obtained  were,  at  that  stage,  no  real  help  in  predicting  the  attenuation  of  a  small  collimated  tear,  of 
light.  Such  measurements  of  collimated  light  attenuation  which  existed  were  too  restricted  to  meet  our 
full  requirement. 

It  therefore  became  necessary  to  make  the  main  aim  of  the  work  the  measurement  of  collimated 
attenuation  in  sea  water  areas  and  conditions,  winch  would,  as  far  as  posnille,  be  representative  of 
more  extensive  areas.  An  additional  aim  was  to  attempt,  on  an  empirical  basis,  to  correlate  the 
collimated  and  diffuse  attenuation  measurements  so  that  the  collimated  attenuation  could  be  ;redicted 
wherever  diffuee  measurements  had  been  made. 

1.2.  Approach. 

The  programme  of  work  to  be  carried  out  over  a  three  year  period  was  as  follows! 

ia)  An  investigation  of  the  causes  of  light  attenuation  in  sea  water, 
b)  .he  highlighting  of  the  theoretical  difference  in  the  attenuation  of  diffuse  and 
collimated  light. 

(c>  The  design  and  construction  of  equ'jment  to  measure  both  collimated  and  diffuse 
attenuation. 

(d)  To  carry  out  measurements  in  reasonably  representative  sea  waters. 

(e)  To  analyse  the  results  and  attempt  the  prediction  of  collimated  attenuation  from 
diffuse  attenuation  results. 

1.3*  Coranente. 

After  three  years  work  there  is  a  considerable  amount  of  detail  and  infemation  which  could  be 
disseminated  .  It  is  necessary  in  a  paper  such  ts  this  to  reasonably  condense  the  information  and  for 
this  reason  only  the  collimated  attenuation  equipment  will  be  described  and  *-he  presentation  of  results 
will  be  a  summary  of  the  total  results  obtained. 

2.  THE  ATTENUATION  MKASUMS ENT  PHOBIC. 

Basically  the  problem  is:  what  measurement a  should  be  made?  How  and  where  should  they  be 
carried  out  for  the  greatest  effectiveness?  The  factors  which  can  affect  the  attenuation  of  light  are 
wavelength,  absorption,  scattering,  beam  divergence,  location,  depth,  environment  and  season. 

The  determination  of  the  optimum  wavelength  to  use  was  not  difficult  as  information  was 
readily  available  in  the  literature  that  a  fairly  wide  transmission  pass  band  exists  for  clear  ocean 
water  centred  on  0.46  micro  metres.  The  other  factors  were  investigated  in  the  measurement  programme 
in  a  reasonably  controlled  fashion  with  the  exception  of  variations  due  to  the  season  which  was 
determined  b;  the  availability  of  a  suitable  ship. 

2.1.  The  Attenuation  Mechanism. 

Figure  (l)  shows  a  simple  diagram  of  a  collimated  beam  and  the  total  attenuation  coefficient 
(o)  can  conveniently  be  split  into  two  components!  the  absorption  coefficient  (a)  and  the  total  or 
Integrated  scattering  coefficient  (b).  In  the  case  of  the  attenuation  of  diffuse  light  a  considerable 
proportion  of  light  scattered  out  of  a  path  is  replaced  by  light  scattered  into  it,  and  the  total 
effective  attenuation  coefficient  (d)  will  approach  the  value  of  the  absorption  coefficient,  in  the 
collimated  attenuation  expression, 

2.2,  The  Required  Measurements. 

Obviously  a  direct  measurement  of  the  collimated  attenuation  coefficient  (c)  should  be  carried 
out  as  this  is  the  prime  requirement)  however,  an  important  subsidiary  measurement  is  the  determination 
oi  the  diffuse  attenuation  coefficient  (d)  under  similar  conditions,  to  allow  for  comparison.  As  a 
possible  cheak  it  was  thought  worthwhile  to  obtain  an  estimate  of  the  collimated  bean  scattering 
coefficient  (b)  are  compare  the  validity  of  the  assumption  that: 

C  ~  d  +  b. 
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The  Measurement  Areas. 

Ideally  measurements  would  have  had  to  be  carried  out  on  a  world  wide  basis  at  all  times  of  the 
year}  this  was  obviously  impossible  and  a  choice  of  what  was  thought  to  be  reasonably  representative 
waters  in  the  proximity  of  Europe  was  made.  The  sea  conditions  which  it  was  thought  would  beet  fulfil 
tills  requirement  were  coastal  waters ,  shallow  sea,  deep  sea  under  different  environmental  and  geographical 
conditions  and  continental  shelf  waters.  The  actual  areas  and  the  relevant  sea  c.  ditione  are  outlined 
in  the  section  on  results  of  measurement  (Section  4). 

3.  THE  tiKASCHB«ENT  EQ'.'IFK-liT. 

The  measurements  to  be  made  were  as  follows: 

Total  collimated  attenuation  coefficient  (c) 

Total  scattering  coefficient  (b) 

Total  diffuse  attenuation  (d) 

Depth 

Temperature 

The  last  three  measurements  are  comparativel;  standard  and  the  methods  will  not  be  described  here; 
however,  it  is  worthwhile  mentioning  tne  principle  of  the  methods  adopted  to  determine  the  first  two 
measurements. 

3.1.  Principle  of  methods. 


Collimated  attenuation  coefficient. 

Pig. 2  shows  the  collimated  path.  For  a  measurement  path  length  np  one  metre  under  entirely 
uncontamminated  water  conditions  of  some  ICO  db/Km  attenuation  the  ratio  of  light  intensity  ( Ig/i  ) 

approximately  O.98.  To  obtain  a  reasonable  degree  of  accuracy  the  measurement  of  I  and  I 2  has  to  be 

made  to  +  0.1>-.  This  is  an  impossible  stability  requirement  for  an  equipment  which  has  fixed  joaitions 
of  light~source  and  detector  and  is  calibrated  before  the  measurement.  However  this  order  of  accuracy 
can  be  obtained  by  physically  moving  the  detector  through  a  distance  (A.X)  and  accurately  measuring  the 
maximum  and  minimum  values  of  light  intensity.  The  method  is  independent  of  long  term  changes  in 
source  ; ower,  detector  sensitivity  and  window  transmission  as  such  changes  affect  both  readings 
proportionately,  and  the  distance  (AX)  need  only  be  known  to  an  accuracy  of  a  few  per  cent. 

^jtal  Scattering  Coefficient: 

An  estimate  of  the  total  scattering  coefficient  can  be  obtained  by  making  two  measurements  of 
the  scatter  coefficient  P  (  0  )  at  «=  35°  and  100°  and  fitting  the  standard  Jerlov  (l)  scatter  curve  to 
them.  The  value  of  the  total  scattering  coefficient  (b)  can  then  be  obtained  by  integrating  the  curve: 


3.2. 


b  -  1 

2  7 r 


nr 

P  (a)aln  ©  d  © 


Equipment. 


A  phovOgraph  of  the  measurement  equipment  is  shown  in  figure  3*  The  light  source  is  mounted 
vertically  at  *he  top  of  the  framework  and  the  collimated  beam  is  projected  down  to  the  main  beam 
detector  mounted  within  the  trolley  structure,  which  is  caused  to  traverse  along  the  beam  by  a  toothed 
belt  drive  powered  by  a  fully  immersed  induction  motor.  The  35  forward  scatter  detector  is  mounted 
vertically  to  the  left  of  the  source  and  views  the  main  beam  via  an  angled  mirror.  The  back  scatter 
detector  can  be  seen  facing  outwards  next  to  the  source  unit  and  views  a  subsidiary  beam  projected 
outwards  in  the  same  direction.  All  the  detector  unite  contain  optical  filters  centred  on  0.46  micro¬ 
metres.  In  addition  to  the  optical  measurements  a  pressure  transducer  monitoring  depth  and  an 
indicator  of  maximum  and  minimum  traverse  ol  the  rain  detector  trolley  is  provided. 


In  uae  the  equipment  is  suspended  from  a  ten  core  cable  connected  in  the  ship  to  control, 
powering  and  aonitorin.  equipment.  The  measurements  can  be  made  manually  from  a  digital  voltmeter,  but 
for  normal  operation  both  a  numeral  print  out  and  a  punched  taper  tape  output.  3ro  ytJOg, 


Total  diffuae  attenuation  is  measured  using  a  separate  photo  multiplier  photometer  equipment  to 
determine  the  illumination  profile  wi  h  depth  under  daylight  conditions.  Sea  temperature  profiles  were 
aleo  obts.-ned  using  a  standard  bothy  thermograph. 


4.  aEStJWS  Or'  KEASW1B.IEHTS. 


Figure  4  is  a  nap  showing  the  positions  of  the  measurement  areas.  In  general  the  procedure 
cameo  out  was  to  make  a  senes  of  measurements,  usually  along  a  straight  line,  in  the  area  of  Interest. 
The  results  presented  here  show  de; th  profile  for  each  area  which  as  far  as  possible  is  representative 
of  the  area;  however,  in  acme  cases,  notably  the  coastal  areas,  very  considerable  variations  in  averago 
attenuation  and  profile  were  experienced  within  comparatively  short  diotancea. 

Are*  A.  -  Coastal  waters  of  the  Western  English  Channel  approximately  1 1  Km  from  a  comparatively  lightly 
populated  coastline.  Figure  5  slows  no  significant  structure  in  the  attenuation  orofile  and 
the  water  ia  undoubtedly  mixed  and  contains  river  contamination. 

Area  B.  -  Coastal  watero  of  the  Eastern  English  Channel  an  roximately  rj0  Km  from  a  heavily  populated 
coastline.  Figure  6  shows  fairly  heavy  attenuation  at  all  depths,  which  even  at  this 
distance  from  the  <*at  is  comparatively  neavily  contaminated.  Hearer  the  coast  a  constant 
attenuation  of  3,  aa)  db/Km  was  recorded. 

Area  C.  -  Shall  '*  sea  (l.orth  -ea,  omo  lOu  »ra  from  the  eras*,  of  Scotland.  Figure  ^  shows  an  interesting 
. rofile  with  an  oxce-ti  nail;,  low  attenuation  trough  at  43  metres  de;tr.  for  which  we  have  no 
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reasonable  explanation,  though  it  occurred  for  other  measurements  in  the  area.  Tne  average 
attenuation  was  loss  than  expected  as  there  is  both  considerable  contamination  and  plankton 
activity  in  the  l.’orth  Sea. 

Area  D.  -Deep  sea  East  of  Iceland  with  cold  Greenland  currents  mixing  in.  Figure  0  shows  a  very  high 
surface  attenuation  dropping  below  the  thermoolme  to  a  very  low  value.  The  high  attenuation 
in  this  area  is  undoubtedly  due  to  the  plankton  concentration  which  in  this  area  is  above  the 
thernocline.  A  surface  attenuation  of  5,000  db/Km  was  recorded  at  one  position  m  the  area. 

Area  E.-  Deep  sea  south  of  Iceland  with  /arm  Gulf  Stream  currents.  Figure  9  is  somewhat  similar  to 
Fig. 8,  though  in  this  case  no  thermocline  exists. 

Area  F.-  Deep  Atlantic  Ocean  some  300  Km  west  of  the  Straits  of  Gibraltar.  Fig. 10  shows  a  profile 

which  appears  to  be  typical  of  many  oceanic  areas.  The  surface  layer  attenuation  is  not  great 
but  at  a  depth  of  some  70  metres,  ju:;t  below  the  thernocline,  it  peaks  up,  indicating  a  heavy 
plankton  layer.  The  peak  is  usually  not  much  more  tnan  a  few  tens  of  metres  deep  and  oelow  it 
the  attenuation  falls  to  an  exceptionally  low  value  sometimes  ap: reaching  that  of  distilled 
water. 

Area  G.-  Atlantic  continental  8helf  water  of  some  600  metres  depth  west  of  the  Straits  of  Gibraltar. 

In  Figure  11  the  profile  shape  is  similar  to  that  in  the  deep  atiantic  waters  but  the  attenuation 
peak  at  70  metres  is  considerably  larger  due  to  more  Icvourable  plankton  conditions. 

Area  H.-  Deep  Mediterranean,  waters  south  east  of  the  Balearic  Inlands.  The  profile  in  figure  12  is 

almost  identical  with  the  deep  Atlantic  measurement  of  figure  10,  the  peak  being  about  20  metres 
higher  correlating  well  with  the  thernocline  which  is  also  a  coires; ending  amount  higher. 

5.  DISCUSSION  OF  RESULTS. 

The  principle  aim  of  the  measurements  carried  out  in  this  programme  was  to  enable  a  reasonable 
prediction  to  be  made  of  the  collimated  attenuation  in  various  sea  waters  of  the  world.  This  can  be 
achieved  in  three  waysi  the  direct  results  obtained  for  reasonably  representative  areas  can  be  extra¬ 
polated  to  other  areas;  a  relationship  with  diffuse  attenuation  measurements  can  be  e3tablisned; 
lastly,  if  a  relationship  with  plankton  density  can  be  established  a  knowledge  of  plankton  behaviour 
would  enable  attenuation  predictions  to  be  made. 

In  the  measurement  programme  diffuse  attenuation  measurements  were  made  at  all  the  positions, 
though  full  depth  profiles  were  only  obtained  at  some  of  them.  A  comi'anson  between  averaged  results 
for  collimated  and  diffuse  attenuation  is  shown  in  figure  13.  From  this  curve  it  can  be  seen  that  above 
a  diffuse  attenuation  figure  of  150  db/Km  the  collimated  attenuation  coefficient  is  twice  the  diffuse 
value.  Below  this  attenuation  the  factor  in  smaller.  An  attempt  to  confirm  the  assumption  that  the 
collimated  attenuation  was  nearly  equal  to  the  sum  of  the  diffuse  attenuation  and  the  total  scatter 
coefficient  met  with  only  partial  success.  Un  average  the  calculated  collimated  attenuation  figure  was 
25/«  greater  than  the  measured  one  but  there  was  a  considerable  spread  in  values. 

The  correlation  between  collimated  attenuation  and  plankton  density  has  been  cited  during  the 
presentation  of  the  results  in  section. 4.  By  way  of  illustration  it  is  helpful  to  compare  a  result 

(Figure  14)  obtained  by  Kenzel  and  Ryther  (2)  of  the  phytoplankton  density  off  Bermuda  under  similar 
thernocline  conditions  to  our  Atlantic  and  Mediterranean  results. 

As  a  result  of  the  work  carried  out  certain  conclusions  can  be  reached: 

The  collimated  attenuation  of  sea  water  can  be  predicted  to  a  reasonable  degree  cf  accuracy  if 
diffuse  attenuati  >n  measurements  are  available.  Also,  with  a  lesser  degree  of  accuracy,  predictions  car. 
be  made  for  waters  where  the  plankton  ecology  is  understood;  this  is  particularly  relevant  t.o  open 
ocean  waters.  An  interesting  raeult  to  come  out  of  the  work  was  that  at  depths  belo.v  100  metres  in  deep 
ocean  the  clarity  of  the  water  closely  approaches  that  of  distilled  water;  this  situation  exists  down  to 
at  least  300  metres  which  was  the  limit  of  our  measurements. 
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SUMMARY 

The  degradation  of  light  energy  in  seawater  can  be  dire  tly  investigated  by  surmerging 
"photometres"  and  measuring  the  submarine  remainder  of  daylight  at  various  depths.  While 
they  are  relatively  simple,  such  experiments  are  difficult  to  interpret  in  view  of  the  complexity 
of  the  existing  natural  conditions  :  infinite  medium,  multiple  scattering,  large  size  source  (sky), 
superimposed  on  a  variable  incidence  source  (sun).  Experiments  conducted  with  an  artificial 
source  are  easier  to  interpret,  and  in  particular  the  possibility  of  producing  an  almost  parallel 
light  beam  allows  one  to  obtain  conditions  not  too  remote  from  the  theoretical  ones,  in  which  the  ma¬ 
gnitude  absorption  and  scattering,  which  cause  the  attenuation  of  the  initial  flow,  are  defined. 

Absorption  and  scattering  are  dependent  on  wavelength.  The  various  studies  dealing  with 
absorption  coefficient  variations  in  the  visible  and  near  ultra-violet  range  will  be  reviewed, 
discriminating  between  what  is  ascribable  to  water,  mineral  ions,  and  organic  substances  in 
solution  in  seawater. 

In  natural  seawater,  scattering  predominates  over  ansorption  (except  in  the  infra-. range); 
scattering  itself  is  the  result  of  molecule  scattering  and  suspended  particle  scattering. 

The  spectral  dependence  of  molecule  scattering  which  is  theoretically  known,  has  been  expe¬ 
rimentally  established.  The  direct  study  of  scattering  selectivity  by  particles  is  delicate,  as  it 
involves  extremely  accurate  measurements  as  far  as  absolute  values  are  concerned  ;  one  of  the 
indirect  methods  developed  in  our  laboratory  consists  in  studying  selectivity  for  a  given  scatte¬ 
ring  angle,  and  checking  whether  the  shape  of  the  scattering  indicator  varies  with  the  wavelength. 

The  results  obtained  can  be  confirmed,  at  least  in  the  case  of  sufficiently  turbid  water,  by 
effecting  attenuation  measurements  in  the  same  spectrum  range, and  deducting  absorption. 
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RESUME 

Sont  presentes  les  principaux  resultats  obtenus,  relatifs  a  la  diffusion  do  la  luniere  par  les  eaux 
de  mer.  Ils  concernent  la  determination  de  l'indicatrice,  aux  angles  noyens  et  aux  petits  angles,  l'etu- 
de  des  variations  de  cette  indicatrice  et  unc  interpretation  de  eelles-ci,  conpte  tenu  du  role  jouc  par 
la  diffusion  noleculaire  j  l'influence  de  la  longueur  d'onde  eat  era. le  ent  examinee.  Quelques  applica¬ 
tions  sont  indiquees  qui  ont  trait  au  calcul  ou  A  la  nesure  du  coefficient  total  de  diffusion,  ainsi 
qu'aux  relations  entre  proprietes  diffusantes  et  abondance  du  materiel  en  suspension. 


Cette  communication  a  pour  ob j  et  de  presenter  le  programme  des  recherches  effectuees  dans  notre  la- 
b-iratoire,  qui  concernent  la  diffusion  de  la  luniSre  par  les  eaux  do  ner.  Les  principaux  rcsultats  obte- 
nus  sont  brievement  presentes,  ou  pour  certains  rappelcs  ;  un  apergu  est  6galencnt  donne  des  orientations 
actuelles  de  ce  travail.  Cependant,  il  ne  s'agit  pas  d'un  6tat  de  la  question  puisqu'en  fait  nous  nous 
scenes  -antonnSs  a  un  expose  de  nos  propres  conclusions. 

Ce  programme  a  pu  etrc  execute  en  grande  partic  grace  a  l'aide  financiere  de  la  Direction  des  ne- 
cherches  et  Moyens  d'Essais  (contrats  63/63,  12/65),  a  qui  nous  exprinons  ici  nos  remerciemcnts. 


MESURES  A  ARGIL  FIXE  ET  DETERMINATION  DE  L'INDICATRICE  DE  DIFFUSIOH. 

L' etude  de  la  diffusion  de  la  lur.iore  par  les  eaux  de  mer  a  debut/-  par  les  mesures  syst/natiques  de 
A.  Ivanoff  pour  lesquelles  il  a  developpe  une  instrumentation  adaptne  au  travail  a  la  ner  (l)  :  le  dif- 
fusiomDtre  a  angle  fixe  utilise  pemet  la  nesure  de  l'intensit6  de  la  luniere  diffusee  a  90°  du  pinceau 
incident  ainsi  que  le  taux  de  polarisation.  Ce  type  d'appareil  a  6t6  par  la  suite  calibre  de  fagon  que 
la  nesure  puisse  etre  exprimee  en  valour  absolue  :  690  (ceci  grace  a  l'appareil  mentionne  ci-dessous). 

Dana  le  cadre  d'atudes  descriptives  des  oceans  de  telles  mesures  sont  toujours  pratiquees  (2)  (3)  («). 

Les  premieres  determinations  d'ir.dicatrice  de  diffusion,  entre  30°  et  150°,  ont  cte  exccutees  en  1962 
a  l'aide  d'un  gonio-diffu3ionetre  Wippler  Scheibling  (5),  modific  par  la  suite.  11  a  d'abord  ete  constate 
(6)  que  r.oyennant  certaines  precautions  (absence  de  transvasenent,  ou  transvasenent  sans  pollution,  agita¬ 
tion  de  l'6chantillon,  rapiditc  de  la  nesure...)  les  indicatrices  obtenues  it t  vit/io  etaient  significat ive3 
et  comparables  d  celles  obtenues  in  iitu  par  d'autres  auteurs  (J.  Tyler,  H,  jerlov)  (7)  (ft)  ;  la  pollu¬ 
tion  lorsqu'il  s'agit  d'fichantillons  tres  "limpides"  recueillis  a  grande  profondeur  est  evidennent  a  re- 
douter  surtout  si  l'on  songe  que  de  telles  eaux  sont  plus  pures  optiquenent  que  la  plupart  des  eaux  dis- 
tillees  preparees  en  laboratoire. 

Des  mesures  systenatiques  (a  la  longueur  d'onde  5^6  nm)  effectuees  sur  des  eaux  tres  variees  en  Men- 
che  et  en  Mediterranee  ont  nontr6  que  les  conclusions  faites  independannent  des  1963  par  N.G.  Jerlov  et 
S.CJ.  Duntley  (9)  (10),  au  vu  des  premieres  indicatriceB  publiees,  devaient  Stre  nuanceec  :  ces  auteurs  en 
effet  notaient  que  les  diverses  indicatrices  etaient  tres  voisires  pour  les  angles  inferieurs  i  90°  (dif¬ 
fusion  avant),  nais  pouvaient  notabler.ent  differer  pour  les  angles  sup6rieurs  a  90°  (diffusion  arriere). 

En  realite  les  mesures  prises  en  consideration  etaient  toutes  relatives  a  des  eaux  superficielles  oil  la 
teneur  en  particules  est  toujours  relativement  elevee,  or  il  a  etc  constate  que  dans  le  cas  des  eaux  tres 
claires  de  profondeur,  la  partie  "avant"  pouvait  etrc,  elle  aussi,  nodifiee,  la  dissymfttrie  de  l'indicstri- 
ce  etant  dans  ces  conditions  considerablenent  r6duite  -  cf  fig.  1,  ref.  11  ou  fig.  15,  ref.  L  -. 

La  premiere  interpretation  des  variations  de  forme  oboervees  consiste  a  invoquer  le  role  plus  ou 
moins  important  joue  par  la  diffusion  noleculaire,  role  qui  pout  ne  pas  Stre  negligeable  r.ene  pour  la  par- 
tie  "avant"  dans  le  cas  des  eaux  parriculinrement  lirapides.  Constatant  que  la  forme  de  l'indicatrice  pa- 
raiftait  pratiquenent  determinee  par  l'intensit6  meme  de  la  diffusion,  ou  en  d'autres  temec,  que  la  forme 
de  la  courbe  variait  gxoiio  modo  regulierenent  avec  la  "linpiditv" des  echantillons ,  on  a  cherche  (ll)  8 
verifier  l'hypothese,  selon  laquelle  l'indicatrice  resultantc  pour  l'eau  de  mer  obeirait  en  quelque  sorte 
a  une  loi  de  melange,  e'est  8  dire  a  l'addition  de  l'indicatrice  eonstante  et  synctrique  de  l'eau  pure  et 
de  l'indicatrice  dQe  aux  particules,  invariable  en  forme  en  premiere  approximation,  nais  variable  settle¬ 
ment  en  magnitude,  proportionnellement  8  la  concentration. 

3'il  en  est  ainsi,  des  relations  lineaires  doivent  etre  trouvees  lorsqu’on  porte  pour  divers  echantil- 
iont  les  coefficients  de  diffusion  pour  un  angle  0  donne  en  fonction  du  coefficient  pour  90°  par  exemple  ; 
la  repartition  des  points  excprir.entaux  senblc  bien  traduire  1 'existence  do  telles  relations  lineaires 
-  of  fig.  2  et  3,  ref.  11  -.  Les  pentes  des  droites  fournissent,  pour  les  particules  seuies,  les  coeffi¬ 
cients  de  diffusion  relatifs  (arbitrairenent  1,  pour  bC°)  qui  pemettent  done  de  tracer  l'indicatrice 
"r.oycnne"  des  particules.  Hotons  que  cette  methode  est  indirecte,  car  il  n'est  pa3  necessaire  de  connaitre 
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la  valeur  de  la  diffusion  molSculaire  fcelle-ci  au  contraire  en  est  tiree,  ou  au  coins  estir.oe),  La  va¬ 
riability  de  l'indicatrice  des  particules  peut  aussi  etre  approcioe  :  ello  i.pnaralt  seulenont  notable 
pour  lea  grands  angles  (0  »  120°).  Cette  relative  Constance  de  force  est  assez  surprenante,  noannoins 
les  experiences  faites  depuis  en  Atlantique  ou  en  ocean  vndien  l'ont  confirmee  ;  les  seules  exceptions 
nettes  ont  ete  observees  dans  le  cas  d'eaux  tres  fortenent  chargees  d’apports  terrigenes. 

A  peu  pres  siaultanSnent  der.  mesures  in  6iXut  de  la  partie  avant  (1?5  -  lE°)  de  l'indicatrice  de 
diffusion  ont  ete  effectuees  (X  «  550  nn).  La  aussi,  et  en  depit  do  conditions  trPs  differentes  rencon¬ 
tres  en  Manche  ou  en  Mediterranee  (jusqu'a  la  profor.deur  800  n),  cette  partie  d'indicatrice  s'est  rc- 
v£lSe  peut  variable  (12).  Dans  ces  experiences,  les  courbes  peuvent  etre  directenont  cocparees,  car  la 
diffusion  moleculaire  est  toujours  negligoable  a  ces  angles. 

Ces  exp6ricnces  aux  angles  coyens  et  aux  petits  angles  percettent  de  penser  que  la  notion  de  courbe 
coyenne  pour  presenter  l'indicatrice-type  des  particules  marines  n'est  pas  denuee  de  signification.  Cette 
indicatrice  coyenne  a  ete  tracee  entre  1°  et  150°,  en  utilisant  pour  le  donaine  non  convert  par  nos  me- 
sures  (lU°  -  30°)  celles  effectuees  par  H.G.  Jerlov  jusqu'a  10°  -cf  fig.  9,  ref.  12-.  Plusieurs  conse¬ 
quences  ont  et£  tirees  de  1' adopt ion  d'une  telle  courbe  moyenne,  elles  seront  evoqucet  plus  loin. 


INFLUENCE  DE  LA  LONGUEUR  D'ONDE. 

Etude  aux  angles  noyens  (de  30°  a  150°). 

Pour  diverses  longueurs  d'onde  (578,  5**6,  *136,  1)05,  386  no)  on  a  ‘no  les  indicatrices  de  dif¬ 

fusion  d'eaux  de  ser  tres  varices  quant  a  la  teneur  en  particul.es. 

II  est  apparu  que  pour  un  echantillon  donne  la  valeur  des  coefficients  angulaires,  rapportee  a  ceux 
du  benzdne  optiquecent  pur,  dininue  regulidrenent  lorcque  la  longueur  d'onde  dccroit.  Ceci  implique  done 
pour  les  particules  une  selectivity  de  la  diffusion  inferioure  a  celle  du  benzene  optiquecent  pur  ;  la 
seconde  £tant  connue  il  est  possible  d'evaluer  par  conparaison  la  premiere,  sans  qu’il  soit  nccessaire 
de  connaftre  la  diffusion  de  l'eau  elle-nece,  qui  intervient  eomne  une  constante  (a  titre  d'exemple,  voir 
la  figure  1). 

II  ressort  de  cette  etude  (13),  qu'au  noins  pour  les  echantillons  etudies,  la  dependance  spectrale 
de  la  diffusion  par  les  particules  serait  exprinee  par  une  loi  sensiblenent  en  X_i  }  cette  loi  mal  v8ri- 
fiee  pour  le  retro-diffusion  (0  >  90°),  peut  etre  appliquee  dans  le  domaine  90°  -  30°  ;  ceci  serait  une 
consequence  du  fait  que  l'indicatrice  des  particules  conserve,  au  noins  dans  ce  donaine,  la  mfcie  forme 
aux  diverses  longueurs  d'onde  (ce  qui  a  pu  etre  etabli  en  utilisant  a  diverses  longueurs  d'onde.  It  pro- 
cede  decrit  dans  le  paragraphe  precedent). 

Lorsqu'ont  ete  deteminees  les  constantes  de  diffusion  de  l'eau  de  ner  optiquenent  pure  (voir  para¬ 
graphe  suivant),  les  points  precedents  :  selectivity,  variation  de  forne  de  l'indicatrice,  ont  pu  etre 
repris  selon  une  methode  directe,  e'est  &  dire  en  soustrayant  des  valeurs  observees  pour  les  divers 
echantillons,  les  valeurs  de  la  diffusion  moleculaire  (tous  les  coefficients  ytant  exprines  en  valeur 
absolue).  Ce  procede  deneure  delicat  pour  les  eaux  tres  pures  oil  l’erreur  experimentale  sc  reporte  in- 
tegralenenc  sur  la  difference  et  devient  en  valeur  relative  tr3s  grande.  Les  resultats  obtenus  dans  le 
premier  temps  de  l'ytude  ont  ety  approxinativement  corroborys  de  cette  maniere  (l1) ) .  Les  figures  2  et  3 
en  fournissent  l'exemnle. 


Etude  aux  petits  angles  (1°  -  25°). 

L'etude  de  l'influence  de  la  longueur  d'onde  a  aussi  ete  ctendue  au  donaine  des  petits  angle»  ;  les 
ensures  etant  effectuees  en  valeurs  relatives,  les  conclusions  ne  portent  done  que  sur  la  forme  de  cette 
partie  de  l'indicatrice.  Les  principaux  resultats  de  ce  travail  sont  presentes  ici  mene  par  F.  Nyrfeler 
(lit)  ;  ils  ont  et 6  obtenus  soit  .in  iitu  avec  l'appareil  dont  il  a  ete  fait,  mention  precedenr.ent  (12),  soit 
•in  vibio  avec  des  sources  lasers. 

Il  a  yte  trouvte  que  la  relative  invariance  de  forme  dejn  constatye,  pour  la  partie  de  l'indicatrice 
correspondant  tux  angles  90°  -  30°,  subsiste  aux  petits  angles.  Cette  invariance  (au  moin3  approximative) 
expliquerait  que  la  selectivity  observee  pour  les  coefficients  angulaires  se  reporte  sur  le  coefficient 
total  de  diffusion  corame  W,  Burt  a  pu  le  nontrer  en  traqant  des  spectres  d'attenutstion  de  particules  (od 
la  diffusion  joue  le  plus  grand  role)  (15),  Un  autre  exenple  est  fourni  par  la  figure  It  oil  le  spectre 
d'attenuation  des  particules  revele  one  logere  selectivity,  tout  n  fsit  comparable  a  celle  observee  paur 
la  diffusion. 


ETUDE  DE  LA  DIFFUSION  MOLECULAIRE. 

Afin  d'eviter  d'avoir  recourr  ?»  des  proc6des  indirects,  cCme  ceux  preccdemnont  decrits,  pour  deter¬ 
miner  ex&ctement  les  roles  respectifs  de  la  diffusion  par  les  particules  et  de  la  d'ffusion  moleculaire, 
il  a  paru  utile  dc  reprendre  l'etude  de  cette  demicre.  De  plu6,  si  les  valeurs  concernant  l'eau  etaient 
assez  controversees,  celles  concernant  l'eau  de  ner,  theoriquenent  plus  elcvecs,  n'avaient  jamais  ete 
cesurees. 

Les  procedes  de  purification  de  l'eau,  des  solutions  de  CINa,  de  l'eau  de  ner  r.aturelle  ou  artifi- 
cielle  ont  ete  decrits  (16).  Le  fait  que  l'indicatrice  de  diffusion  nesurye  se  confonde  avec  l'indica- 
tricc  th6orique  cat  pris  iccr.e  eritCrc  de  purety  optique  -voir  figure  2  et  3,  ref.  16-,  Les  valeurs  des 
coefficients  de  diffusion  deteminees  pour  l'eau  oont  tree  voisines  de  celles  prcvucs  par  la  theoric  des 
fluctuations  (17)  ;  povr  les  solutions  de  chlorure  de  soc.v.i  1 'accroisscment  tie  diffusion  dfi  aux  fluctua¬ 
tions  de  concentration  est  conforms  aux  previsions  faitv,  «  rirt ir  des  masses  molcculaires  des  solutes  : 
la  diffusion  oar  l'eau  de  r.er  optiquenent  pure  est  de  .0  '  .uperieure  ii  celle  de  l'eau  -voir  fig.  1, 
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ref.  17-  (et  environ  de  65  superieure  a  celle  d'une  solution  de  Cl”a  de  r.ene  concentration  en  ion  Cl”). 


CONSEQUENCES  DE  L'ADOPTION  D'UUE  I1JDICATRICE  MOYEB1IE. 

Puisque  la  plua  grande  partie  de  l'e.nergie  est  diffusee  aux  petitu  angles  -voir  fig.  10,  ref.  12-, 
un  appareil  recevant  toute  la  luniore  diffusSe  entre  0?5  et  10°  par  exenple,  nesure  une  fraction  irapor- 
tante  du  coefficient  total  de  diffusion  b,  Cette  fraction  est  evaluee  en  utilisant  l'indicatrice  moyennc 
(e±le  est  de  75  5,  pour  les  angles  cites).  Les  fluctuations  des  indicatrices  reelles  autour  de  l'indica¬ 
trice  moyenne  adopt 6 e  sont  asset  feibles  (12)  (it )  pour  qu'au  noins  une  bonne  approximation  de  b  soit 
fournie  par  cette  nethode  ;  un  appareil  utilisant  ce  principe  a  etc  mis  au  point  (18), 

Une  autre  consequence  concerne  les  relations  entre  coefficients  angulaircs  6(0)  et  coefficient 
total  b  :  ce  dernier  resulte  de  l'addition  du  coefficient  relatif  a  la  diffusion  noleculaire  b0  constant 
et  connu,  et  du  coefficient  b,  relatif  a  la  diffusion  par  les  particules  ;  br  est  variable,  nais  n'est 
plus  fonction  que  de  la  concentration  en  particules  des  iors  qu'on  a  adopte  une  indicrtrice  noyenne.  Avec 
cette  hypothese,  on  peut  ealculer*  les  relations  lineaires  liant  chacuii  des  coefficients  6(0)  au  coeffi¬ 
cient  total  b  (19)  ;  en  raison  de  la  variability  de  "1'arridre"  de  l'indicatrice,  ces  relations  sont  en 
pratique  surtout  applicables  aux  coefficients  relatifs  aux  angles  inferieurs  a  90°  (630,  64$  par  exenple, 
ou  4  la  rigueur  690). 

Des  v£rificc.tions  satisfaisantes  de  ces  deux  neohodes  ont  pu  etre  faites  en  cormorant  pour  les  nenes 
eaux  les  coefficients  b  obtenus  a  partir  soit  de  la  nesure  630,  soit  de  la  nesure  faite  aver  1’ appareil 
integrant  entre  0?5  et  10°  -4  titre  d'exenplej  voir  la  figure  5-  ;  on  peut  noter  que  dans  le  cas  des  eaux 
les  plus  claires  oil  b  est  de  l'ordre  de  1  lO-**”1 ,  la  diffusion  noleculaire  intervient  pour  prds  de  20  5 
(0.17  10"2m“l  a  5^6  nn). 


AUTRES  DEVELOPPEMENTS  DU  PROGRAMME , 

Sans  parler  des  aspects  thfioriques  qui  ne  font  pas  I'ob.iet  de  cette  cocnunicatior.,  pami  les  pro- 
longenents  du  programme  cn  peut  citer  les  deux  points  suivants  : 

Pour  appliquer  au  probleme  de  la  penetration  de  la  lumiere  du  jour  les  theories  du  transfert  radia- 
tif ,  simplifiees  ou  non,  il  est  neccssaire  de  connaitre  l'indicatrice  de  diffusion  (et  eventueller.ent 
aussi  le  role  de  la  diffusion  moleculaire).  Les  resultats  n'mfiriques  qui  concernent  l'indicatrice,  peuvent 
scit  Stre  repris  dans  une  formulation  mathematique,  soit  etre  utilises  directement  ;  c'est  cette  seconde 
voie  qu'a  choisi  L.  Prieur  qui  presente  ici  neme  (20)  quelques  resultats  de  calculs  relatifs  a  cette 
question. 

Si  les  mesures  de  diffusion  constituent  4  coup  sllr  un  node  d'estimation  du  -iateriel  en  suspension, 
eU.es  ne  peuvent  Stre  reellenent  utiles  dans  cette  perspective,  qu'a  la  condition  de  foumir  une  evalua¬ 
tion  quantitative.  Des  Etudes  a  la  fois  ponderale,  chinique,  et  granulometrique  des  particules  en  suspen¬ 
sion  ont  etc  entreprises  correlativenent  aux  nesures  de  diffusion  -voir  par  exenp  "  la  figure  6-,  dans  le 
but  de  determiner  si  les  relations  trouvSes  (dans  le  cas  des  eaux  du  large  au  moins)  ont  un  caractAre 
suffiaamment  permanent  et  g6neral  pour  etre  susceptibles  d'une  telle  application. 


•  Une  erreur  nmerique  s'est  glissec  dans  le  calcul  present;  ref.  19  :  la 
n'est  pas  22.5  oaia  *  x  22.5  ;  cette  omission  se  rApercute  sur  toutes  les 
ensuite  j  un  rectificatif  sura  prochainenent  donue. 


valeur  de  I’intcgrale  noma \i  see 
valeurs  num^riques  presentees 
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Figure  1  :  r  dSsigne  le  rapport  de  l'intensitg  diffusee  par  l'gchantillon  ft  l'intensitg  diffuse.?  par  le 
benzene  optiquement  pur  ;  ce  graphique  eat  relatif  uniquement  ft  des  rcesures  de  diffusion  ft 
angle  droit  (indice  90).  Pour  cheque  echantillon,  on  porte  les  r  obtenus  ft  diverses  longueurs 
d'onde  (r90  ,)  en  fonction  du  r  obtenu  ft  X  «  5^6  nn  (r9ot546).  Si  la  aiffusion  par  les  parti- 
cules  est  Ipectralenent  neutre,  les  points  exp6rimentaux  s’aligneraient  sur  des  droxtes  dont 
les^pentes  sont  previsibles  :  ce  sont  les  inverses  des  nonbres  qui  caracterisent  la  sclecti- 
vite  de  la  diffusion  mol6culaire  du  benzftne  (of.  16).  Les  droites  de  regression  calculees 
pour  les  points  expSrinentaux  sont  en  rPalitS  diffgrentes,  et  de  la  difference  des  pjntes  on 
en  deduit  la  selectivity  de  la  diffusion  par  les  paxticules,  qui  pour  ces  nesures  serait  la 
suivante  : 

^  -  578  1*36  i>05  *66 

(BX  ^S-S’particules  “  °-98  1  *-36  ^  1.5* 

Sur  la  figure,  les  signes  blancs  correspondent  ft  des  echantillons  preleves  en  Manche,  les 
noirs  en  Hediterranee,  (dans  le  cartouche  agrandi,  les  r.esures  ft  b05  nra  ne  sont  pas  portees 
par  souci  de  clarte). 

Des  graph^ques  sonblables  ont  ete  etabliB  pour  d'autres  angles  de  diffusion. 
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Figure  2  :  Coefficients  de  diffusion  a  30°  pour  les  particules  seules  (apri?s  soustraction  de  la  diffu¬ 
sion  mol6culaire)  }  pour  chaque  Sehantillon  le  coefficient  a  U36  nm  est  porte  en  fonction  du 
coefficient  a  5^6  nm  ;  les  droites  tracSti  correspondent  a  une  diffusion  spectralement  neutre 
(bissectrice)  ou  &  une  selectivity  en  A”1. 

Mesures  uffectuees  durant  la  campagne  Hydratlante  III  (octobre  1968)  dans  la  zone  Portugal- 
Mad  ^re,  a  des  profondeurs  allant  de  0  H  000  a. 


I 


I 
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Figure  3  :  Indicatrices  relatives  aux  particules  aeules  (deduction  faite  de  la  diffusion  molfculaire) 
normaliaSea  a  90°.  Prelevenents  faita,  aux  profondeura  indiquScs,  il  la  boufe  laboratoire 
mouillee  app roxinativement  a  50  nautiques  au  sud  de  Toulon  (Juin  1969).  Lea  valeurs  numeri- 
ques  (a  9U°)  correspondent ea  sont  : 

10  m 


300  m 


“  5!*6  nn 

' D90 ^particules 

»  3.U8  10_l,n‘: 

■  L36  nn 

It 

»  4.10  " 

■  5**6  ran 

II 

=■  0.83  " 

■  L36  nn 

II 

.  0.99  " 

Figure  :  Spectres  d'attcnuation  de  particules  marines  norrnalisces  ii  X  »  550  nn  j  les  aesures  sont  ef~ 
fectufes  sur  des  eaux  de  la  Manche  avec  un  spectrophotoraetre  Decknai.  DK  2  A,  en  cuves  de 
10  cn,  le  blanc  etant  con3titue  par  la  ir.eme  eau  de  ner  filtr6e.  Les  points  figurent  les  va¬ 
riations  spectrales  de  la  diffusion  sesurees  sur  les  r.enes  echantillons  (normalisation  a 
»  5 M  na). 
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Figure  6  :  Csmpagne  Hydratlante  III  :  les  nesures  du  coefficient  de  diffusion  4  30°  sont  effectual  sur 
le  prelevement  qui  eet  eneuite  filtrS  pour  dSteminer  le  concentration  en  mati&re  particulai- 
re  (ug/litre)  (nesures  effectules  par  G,  Copin) t  les  points  entre  parenthSses  correspondent 
a  dee  filtrations  probablenent  affectfes  par  des  pollutions. 
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SUMMARY 


Light  scattering  in  seawater  near  the  propagation  direction  of  a  light  beam  has  been  studied 
by  means  of  conventional  and  laser  sources.  Measurements  ware  carried  out  at  various  wavelengths. 
Angular  scattering  coefficients  are  not  measured  in  absolute  values  ;  nevertheless,  it  is  possible 
to  compare  the  shapes  of  the  scattering  indicators  obtained  at  various  wavelengths  over  the  angular 
area  considered. 

Such  experiments  have  been  carried  out  in  situ  with  a  device  especially  designed  for  this 
purpose  (conventional  source),  and  in  vitro,  with  lasers.  In  situ,  it  is  practically  impossible 
to  consider  that  the  indicators  obtained  for  three  various  wavelengths  (459,  555  and  599  nrt) 
are  significantly  distinct.  In  vitro,  a  slight  difference  is  noted  between  indicators  determined 
at  488  and  632,8  ran,  (It  should  be  pointed  out  that,  in  this  case,  measurements  .are  carried 
out  for  both  wavelengths  on  the  same  sample,  as  opposed  to  in  situ  measurements  which  have 
to  be  made  successively. ) 

A  comparison  of  the  various  aeries  of  measurements  shows  that  the  seawater  scattering 
indicator  shape,  for  small  angles,  is  practically  independent  of  the  light  wavelength 
used  ;  it  does  not  depend  either  on  light  coherence. 

The  indicators  obtained  correlate  well  with  those  presented  by  other  researchers,  and  mea¬ 
sured  either  in  vitro  or  in  situ  by  instruments  operating  at  various  wavelengths.  Therefore, 
instruments  designed  for  measuring  seawater  scattering  properties  could  be  equipped  with  laser  sour¬ 
ces  in  so  far  as  such  sources  improve  their  performance. 
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SOMKAIRE 

Une  onde  elect romognAtique  est  perturbee  par  le  nilieu  dans  lequel  elle  se  propage,  1' importance 
relative  des  divers  phenoaSnes  entrsinant  cette  perturbation  dependant  des  caractAristiques  opt) ques  du 
milieu  et  gAneraj-ement  de  la  longueur  d'onde  de  la  luniAre.  Dans  cet  expos? ,  nous  allons  rappelar  brieve- 
ment  quels  sont  lea  phenoadnes  qui  interviennent  de  manicre  preponderante  dans  l'eau  de  mer,  et  presenter 
des  rSs-U.tats  relatifs  a  la  nesure  de  l'indicatrice  de  diffusion  obtenus  in  situ  d  l'aide  de  sources  clas- 
siques,  et  in  vitro,  a  l'aide  de  lasers. 

Cette  "?tude  a  AtA  en  partie  rAalisee  grace  au  support  financier  de  la  D.R.H.E.,  dans  le  cadre  du 
contrat  12/6% 

INTRODUCTION 

En  suspension  dans  la  solution  ionique  que  constitue  l'eau  de  ner  se  trouvent  ce  que  nous  appelerons 
des  "particules  marines"  dent  la  concentration  varie  d'un  endroit  a  l'autro  de  .'ocean.  Ces  particules 
sont  ninerales  (apports  eoliens,  poussidres  mStCoriques,  apports  fluviaux,  etc..)  et  organiques  (microor- 
ganirmes,  rAsidus  de  dAcomposition,  et.c,.),  leur  taille  pouvant  atteindre  plusieurs  dizaines  de  w. 

La  propagation  d'une  onde  AlectromagnAtique  dans  un  tel  nilieu  s 'accompagne  de  plusieurs  phenonenes 
que  l'on  peut  ranger  en  deux  groupes  :  d'une  part,  ceux  qui  entralnent  unc  diminution  de  flux,  et  d’autre 
part  ceux  qui  perturbent  l'onde  lumineuse,  nodifiant  sa  direction  de  propagation,  sa  phase  ou  sa  polari¬ 
sation. 

Les  phAnomSnes  du  premier  groupe  englobant  la  transformation  de  l'ensrgie  lumineuse  en  energie  ther- 
mique,  en  Anergic  de  reaction  chimique,  cu  en  energie  lumineuse  reemi3e  S  d'autres  longueurs  d'onde  par 
effet  RAMAN  ou  par  fluorescence,  permettent  de  definir  les  proprietAs  absorbantes  de  l'eau  de  mer,  alors 
que  ceux  du  second  groupe  concernent  les  proprietes  diffusantes  de  l'eau  de  mer.  Fomelleraent,  l'interac- 
tion  d'une  onde  AlectromagnAtique  avec  son  nilieu  de  propagation  Ee  ram6ne  fi  une  modification  du  vecteur 
electrique,  que  l'on  peut  representer  (l)  a  l'aide  d'une  aatrice  de  transformation  ;  les  elements  de  cette 
matrice  sont  des  fonctions  mathAmatiques  dont  les  parametres  dependent  des  propriAtAs  caractAristiques  du 
nilieu,  notamment  dc  la  t:vilie,  de  la  forme  et  de  l'indice  dos  particules  en  suspension.  La  connaissance 
de  cette  matrice  de  transformation  pemettrait  de  calculer  en  tout  point  l'Atat  "actuel"  d'une  onde  a 
partir  de  son  etat  initial.  Cependant,  Atant  donne  la  nature  des  centres  diffusants  contenus  dans  l'eau 
de  mer  qui  sont  de  tailles,  de  formes  et  d'indice  fort  divers,  il  est  difficile  d'envisager  la  solution 
du  probldme  de  la  diffusion  par  l'eau  de  ner  sur  un  plan  theorique.  Dans  la  plupart  des  etudes  entrepri- 
ses,  l'aspect  experimental  est  preponderant  ;  ces  travaux  visent  generalenent  a  determiner  les  grandeurs 
les  plus  caractAristiques  du  phAnomSne  de  diffusion  soit  :  la  perte  de  flux  apparente  relativement  a  la 
direction  de  propagation,  la  repartition  de  l'energie  diffusee  ou  eventuellenent  d'autres  grandeurs  s'y 
rattachant  directenent  conne  par  exenple  la  part  relative  de  la  diffusion  molcculaire.  On  trouvera  chez 
JERLOV  (2)  une  bibliographic  complete  de  ces  differents  travaux. 

MOTIVATION 

Rappelons  que  le  phenonene  de  diffusion  peut  etre  dAcrit  en  introduisant  le3  notions  de  coefficient 
angulaire  de  diffusion  (et  correiat lvement  d '  Indicat  rice  de  diffusion)  et  de  coafflclent 
total  as  diffusion 

Le  coefficient  angulaire  de  diffusion  6  { 0 )  est  defini  par  la  relation 

dl  <0)  »  8(9)  E  dV 

dl  (0)  :  intensitA  diffusee  dans  la  direction  faisant  un  angle  9  avec  la  direction  initiale  de 
propagation. 

E  :  eclairement  sur  la  face  d'entree  du  volume  diffusant. 

dV  :  elAnent  de  volume  diffusant, 

L'indicatrice  de  diffusion  est  une  representation  plane  de  la  repartition  de  l'energie  entre  les  d;  f- 
fArentes  diiections  de  l'espace,  obtenue  en  portant  dans  chaque  direction  d'un  vecteur  : 

slo)  =  'bT©T  e| 

En  sonmant  dans  l'angle  solide  correspondant  les  intensites  relatives  a  chaque  direction  9,  on  obtient 
la  perte  apparente  de  flux  par  diffusion  qui  s'exprim"  ii  l'aide  du  coefficient-  total  de  diffusion  : 

b  -in  1*6(0)  sin  9  do 

L'Atude  de  l'indicatrice  de  diffusion  de  la  iuniSre  par  l'eau  de  ner  a  Ate  poursuivie  par  plusieurs 
auteurs  ;  cocparant  l'ensenble  des  resultats  obtenus,  DUNTLEY  (3)  et  JERLOV  (•*)  reinvent  quasi  simultane- 
nent  en  1963  que  pour  les  petits  angles  la  forme  de  l'indicatrice  varie  peu  d'une  eau  de  mer  &  une  autre, 

8  (0)  croissant  rapidenent  lorsque  9  tend  vers  0°  ;  cette  observation  a  AtA  confirmee  ulterieureoent  par 
les  travaux  de  D.  BAUER  et  A.  MOREL  (5)  qui  ons  procede  ii  des  mesures  systematiques  dar.s  differents  types 
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d'eau,  pour  des  angles  conpris  entre  1°5  et  lit0  ;  mentionnons  egalement  les  resultats  de  KOELIANINOV  (6), 
d'OTCHAXOWSKI  (7)  qui  arrivent  a  la  mSr.e  conclusion, et  enfin  ceux  de  KULLEKBERG  (8)  qui  utilise  un  dif- 
fusiooltre  equip8  d'un  laser. 

Cette  invariance  de  la  forme  de  l'indicatrice  n'est  toutefoia  effective  que  si  la  diffusion  molecu- 
laire  de  l'eau  pure  peut  Itre  negligee  devant  la  diffusion  due  aux  particules  en  suspension,  ce  qui  est 
le  cas  pour  les  angles  0  <  20°  environ  ;  au  dtla,  la  diffusion  raoleculaire  intervient  de  faqon  d'autant 
plus  sensible  que  la  teneur  en  particules  est  faible. 

La  forme  ues  indicatrices  observces  nontre  que  c'est  au  voisinage  de  la  direction  de  propagation 
que  la  plus  grande  partie  de  l'Snergie  est  diffuse*.  Or,  si  l'on  examine  l'ensenble  des  travaux  cites 
ci-de8sus,  on  cots  ate  que  les  nesures  aux  petits  angles  sont  peu  nombreuses  et  que  les  longueurs  d’on- 
des  utilisSes  sont  differentes,  Nous  avons  done  entrepris  deux  series  d’experiences  dans  le  but  d'exaai- 
ner  d'une  part  si  la  forme  de  l'indicatrice  de  diffusion  aux  petit3  angles  varie  avec  la  longueur  de  la 
lumiSre,  et  d'autre  part  si  elle  est  modifies  par  1 'utilisation  de  sources  cohfirentes ,  Les  nesures  en 
lumidre  classique  ont  et8  realisJes  in  situ.  &  trois  longueurs  d'onde  a  l’aide  d’un  diffusiooStre  dScrit 
prlcedemment  par  D.  BAUER  et  A.  IVAXQJT  (9)  et  par  D.  BAUER  et  A.  MOREL  (5).  Par  suite  des  difficulty 

rencontrees  dans  la  nise  en  oeuvre  des  lasers,  les  experiences  a  l'aide  de  sources  coherentes  ont  gtS 

realisees  in  vitro. 

MESURES 

Les  experiences  "in  situ"  ont  ete  executees  dans  des  eaux  cotieres.  Dans  la  mfithode  utilisee,  les 
mesures  aux  differentes  longueurs  d'onde  sont  effectuees  success ivement  et  correspondent  3.  des  "Schan- 
tillons"  differents.  II  est  done  n6cessa‘re  d'appliquer  une  methode  statistique  pour  determiner  si  les 
indicatrices  moyennes  obtenues  pour  chacune  des  longueurs  d'onde  sont  signifieativement  distinctes. 

Les  ceaures  en  lumiere  coherente  ont  ete  realisees  "in  vitro"  3  l'aide  d'un  dispositif  comprensnt 

deux  lasers,  une  cellule  de  cesure,  et  un  photoaultiplicateur.  Ces  nesures  ayant  egalement  port!  sur 

des  echar.tillons  a'eaux  cotiSres,  les  resultats  peuvent  8tre  compares  directement  ii  ceux  obtenus  in 
situ. 

RESULTATS 

Les  indicatrices  obtenues  a  1*59,  555  et  599  nm  lors  deB  nesures  in  situ,  sont  tree  voisines  de 
celles  determinees  par  D.  BAUER  et  A.  MOREL  a  l'aide  du  neme  appareil  pour  X  »  550  nm.  L'analyse  statis¬ 
tique  de  nos  resultats  montre  que  lea  trois  indicatrices  moyennes  (cf.  fig.  1)  relatives  respectivament 
a  l'enaemble  des  nesures  a  chaque  longueur  d'onde  *1V  nesures  3  cheque  \)  ne  Bont  pa3  signifieativement 
distincte  au  niveau  de  probability  P  “  0,95.  On  peut  done  considSrer  qu’en  moyenne,  la  forme  de  l'indi¬ 
catrice  de  diffusion  ne  depend  pas  de  la  longueur  d'onde  de  la  lumiere. 

L'exanen  des  nesurec  r£olis6es  en  laboratoire  a  l'aide  de  lasers  conduit  n  la  mfene  conclusion,  Dis- 
poaant  de  deux  lasers  ( 1*68  et  632,8  nm),  nous  avons  par  contre  pu  examiner  1' influence  de  la  longueur 
d'onde  non  plus  seulement  d'un  point  de  vue  statistique,  nais  en  comparant  des  nesures  executes  alter- 
nativenent  aux  deux  longueurs  d'onde  sur  un  nene  echantillon.  On  constate  (fig.  2)  que  la  decroissance 
de  B  (0)  en  fonction  de  0  eat  I6g3renent  plus  rapide  a  632,8  nm  qu'S  1*88  nm  ;  cette  difference  reste 
cependant  tr3a  faible.  On  peut  d'autre  part  renarquer  que  les  nesures  sont  entachees  d'une  certaine  in¬ 
certitude  decoulant  de  la  variabilite  du  milieu  €tudie.  A  titre  d'exenple,  nous  presentons  sur  la  fig.  3 
trois  indicatrices  determinees  sur  un  mSne  fichantillon  3  6  h  d'intervalle  j  les  differences  observes 
entre  les  courbes  (qui  sont  du  mSne  ordre  de  grandeur  que  celles  relevees  pour  deux  mesures  consecuti- 
ves)  donnent  une  indication  de  la  variabilite  du  phenocene. 

Considerant  que  la  forme  de  l'indicatrice  de  diffusion  ne  depend  pas  de  la  longueur  d'onde,  nous 
avons  alors  compare  les  deux  indicatrices  moyennes  relatives  respectivement  3  1 'ensemble  des  mesures  en 
lumiere  claasique  (51  nesures)  et  a  l'ensenble  des  nesures  en  lumiere  coherente  (15  mesures),  entre  1°  et 
15°.  De  la  similitude  des  courbes  obtenues  (cf.  fig,  U)  on  peut  deduire  que  l'utilisation  de  sources 
coherentes  ne  semble  pas  nodifier  la  forme  de  l'indicatrice  de  diffusion  de  l'eau  de  ner. 

Une  disposition  differente  des  elements  du  montage  de  laboratoire  nous  a  pernis  d'effectuer  des  me¬ 
sures  entre  1°  et  25°,  et  ainsi  de  comparer  nos  resultats  avec  ceux  d’autres  auteurs  pour  un  domaine  an- 
gulaire  relativenent  etendu.  Sur  la  figure  5,  leB  indicatrices  sont  nornalisees  en  posant  0 (20) •  1.  La 
concordance  entre  notie  indicatrice  moyenne  et  celles  proposeejpar  divers  auteurs  s'avSre  satisfaisante, 

CONCLUSIONS 

Dans  la  methode  utilisee,  les  coefficients  angulaires  de  diffusion  sont  determines  en  valeur  rela¬ 
tive,  et  l'on  ne  peut  tirer  de  conclusions  en  ce  qui  conceme  leur  valeur  absolue  aux  differentes  longueurs 
d'onde  ;  d'autre  part,  la  variabilite  du  milieu  limite  la  resolution  des  grandeurs  mesur8es.  Tenant  ccop- 
te  de  ces  restrictions,  nous  avons  cependant  etabli  que  pour  les  petits  angles,  les  variations  avec  la 
longueur  d'onde  de  la  forme  de  l'indicatrice  de  diffusion  sont  negligeables.  II  apparaft  que  cette  forme 
n'est  pas  non  plus  nodifiee  lorsque  l'or.  op3re  en  lumiSre  coherente.  Ainsi  certains  appareils  destines  4 
la  nesure  de  la  diffusion  de  la  lumiere  pourraient  Itre  fiquipes  de  lasers  dans  la  nesure  oil  de  telles 
sources  permettent  d'en  amSliorer  les  performances. 
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Figurr  1  .  Indicatrices  de  diffusion  coyenncs  obtcnues  r.  diversos 
longueur3  d'onds. 


Figure  2*  5  ncsures  cxecutces  sur  le  mene  fecbantillon 
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INDICATRiCES  MOYENNES 
a  in  situ  [459,555,599  nm] 
o  in  vitro  [488.0 , 632.8  nm] 
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oraiscn  des  indicatrice; 


doyennes  obtenues  ft  l1 aide  de 
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Figure  5.  Ccnparaison  avec  les  rcsultats  obten..o  par  divers  auteurs. 
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SOMMAIRE 

On  a  mesur£  "in  situ"  la  fonction  de  diffusion  de  la  lumibre  b  l'aide  de  deux  instrument* 
different*.  L'un  d  eux  emploie  un  laser  comme  bource  lumineuse,  ce  qui  peimet  de  mesurer 
la  diffusion  sous  angle  faible  (0,  5  -  1').  Deux  lasers  aux  longueurs  d'ondes  respective*  de 
632,8  et  488  nm  ont  <t£  utilises.  Le  second  instrument  est  un  instrument  classique  pour  cou¬ 
ches  superficielles. 

Les  fonctions  de  diffusion,  qui  correspondent  &  des  eaux  marines  extrbmement  claires 
(mer  des  Sargasses)  et  des  eaux  cfitibres  troubles  (Baltique)  ont  des  formes  semblables  mais 
des  valeurs  diff£rentes.  Une  grande  partie  de  la  diffusion  se  trouve  concentric  er.  un  lobe 
itroit,  aitui  vers  l'avant  ;  on  voit  ainsi  que  la  majeure  partie  de  la  diffusion  est  criie  par  des 
particules  dont  la  taille  est  supirieure  b  la  longueur  d'onde  de  la  lumibre.  Dans  les  eaux 
claires,  la  diffusion  moliculaire  exerce  une  influence  importante  sur  la  fonction  de  diffusion 
de  la  region  bleue.  On  peut  observer  que  la  diffusion  crife  par  la  matibre  se  prisentant  sous 
forme  de  particules  depend  ligbrement  de  la  longueur  d'onde  pour  des  angles  de  diffucion 
importante  (40*), 

Le  rapport  entre  la  diffusion  totale  sous  un  angle  de  45  *  et  le  coefficient  de  diffusion 
total  est  quasi  constant  au  large  mais  varie  de  fagon  significative  dans  les  eaux  troubles. 
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OBSERVATIONS  OF  LIGHT  SCATTERING 
IN  DIFFERENT  WATER  MASSES 

G,  KULLENBERG 
Institute  of  Physical  Oceanography 
University  of  Copenhagen 


SUMMARY 


In  situ  measurements  of  the  light  scatterance  in  the  Sargasso  Sea  and  in  the  Baltic  are 
compared.  The  total  scattering  functions  are  similar  in  shape,  with  pronounced  forward 
scatterance.  In  the  Sargasso  Sea  the  molecular  scatterance  has  a  significant  influence  which 
is  not  the  case  in  the  Baltic,  proving  the  Sargasso  Sea  to  be  extremely  poor  in  particles. 

The  particle  scatterance  is  between  one  and  two  orders  of  magnitude  stronger  in  the 
Baltic.  The  intense  small  angle  scatterance  there  is  probably  caused  by  large,  transparent 
particles  of  biological  origin.  In  the  Sargasso  Sea  the  particle  scatterance  is  virtually  inde¬ 
pendent  of  wavelength,  while  it  in  the  Baltic  is  strongest  in  the  green  part  of  the  spectrum. 


An  attempt  is  made  to  determine  discrete  particle -size  distributions  by  using  the  observed 
scattering  functions  and  calculations  by  means  of  the  Mie  theory.  For  the  Sargasso  Sea  the 
distribution  N(r.)  =  const,  rr^  conforms  nicely  with  the  observations.  For  the  Baltic  no  definite 
result  can  be  given  at  present. 


INTRODUCTION 


The  light  scatterance  has  been  measured  in  situ  in  the  Sargasso  Sea,  where  the  water 
is  extremely  poor  in  particles,  and  in  the  central  Baltic,  where  particles  are  abundant.  The 
two  areas  represent  extreme  conditions  encountered  in  the  sea. 

The  primary  aim  of  the  investigation  was  to  determine,  and  compare  the  volume 
scattering  functions  in  different  parts  of  the  spectrum.  The  volume  scatfering  function  p(0)  is 
defined  by 

di(e)  =  p(0)  •  E  •  dV  (1) 

where  dl(0)  is  the  radiant  intensity  scattered  in  the  direction  0  from  the  incident  beam  by  the 
volume  element  dV  irradiated  by  E.  The  total  scattering  coefficient  b  is  given  by 


b  =  2 ir  I  p(0)  •  sin0d0  (2) 

"o 

Instruments  used,  calibration  techniques,  and  measurements  arc  described  by  Kullenberg 
(1,2),  and  are  therefore  only  summarized  here.  Principally  two  different  instruments  were 
used,  the  p-meter  and  the  laser-instrument.  The  p-meter  (3)  utilized  a  conventional  incand¬ 
escent  light  source,  and  optical  filters  (Schott  and  Genossen  2  mm  BG12,  GG5,  VG9,  RG1;  photo¬ 
multiplier  tube  with  S20  response  )  were  used  to  isolate  the  scattered  light.  The  scattering 
function  was  measured  in  discrete  steps  from  10°  to  165°  scattering  angle.  The  instrument  was 
used  to  a  maximum  depth  of  25  m.  It  is  calibrated  in  the  laboratory.  The  calibration  involves 
uncertainties,  and  the  maximum  error  is  estimated  to  20%. 

The  laser-instrument  utilized  either  a  He-Ne  laser,  A  =  632.  8  nm,  or  a  Ar+ laser, 
dominant  A  =  488  nm,  as  a  light  source.  With  this  instrument  it  was  possible  to  measure  the 
small  angle  (0.5  -  1°,  2.5°,  3-3.5°)  as  well  as  the  large  angle  scatterance  from  the  surface  to 
500  m  depth.  The  small  angle  scatterance  was  measured  by  means  of  a  special  optical  system 
(Fig.  I),  yielding  well  defined  angular  intervals,  and  effectively  eliminating  stray  light.  The 
instrument  was  in  principle  calibrated  in  situ. 

In  the  Sargasso  Sea  the  observations  were  carried  out  while  the  ship  was  drifting  at  about 
27°N,  63°W,  during  a  3  weeks  period  in  March  1966.  The  p-meter  and  the  He-Ne  laser  in¬ 
strument  were  used,  but  unfortunately  the  Ar+  laser  would  not  function  properly.  En  the  Baltic 
the  observations  were  performed  in  June  1967  with  the  ship  at  anchor  for  several  days  at  3 
different  stations  around  55°30'N,  l6o30’E.  In  this  case  the  whole  equipment  worked  well,  even 
thou  .-.  the  Ar  laser  was  unreliable, 

DISCUSSION  OF  THE  OBSERVATIONS 

The  observatiens  are  presented  here  only  as  curves  of  the  scattering  functions  (Figs.  2, 
3,4),  since  they  are  given  in  a  more  complete  form  elsewhere  (1,2). 

Total  scatterance.  Fig.  2  shows  total  scattering  functions  obtained  with  the  He-Ne  laser  as  a 
light  source.  For  the  Sargasso  Sea  the  mean  values  of  all  observations  in  the  surface  layer 
(10-75  m)  are  used  to  determine  the  scattering  function  (or  this  laye».  For  the  Baltic  the  mean 
values  of  all  observations  at  station  3  around  10  m  and  40  m  depth  arc  used.  All  the  functions 
are  smooth,  typical  of  polydispersed  systems,  and  the  forward  scatterance  is  very  pronounced. 
This  is  in  general  agreement  with  other  results  (4,  p.  3*),  The  very  strong  small  angle  scatter¬ 
ance  is  also  in  general  agreement  with  the  measurements  of  Bauer  and  More)  (5)  in  the 
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Mediterranean,  even  though  these  authors  report  a  considerably  stronger  small  angle  scatterance. 

The  similarity  of  the  curves  representing  two  extremas  encountered  in  the  sea  is  obvious. 
The  scatterance  in  the  Baltic  is  between  o.ie  and  two  orders  of  magnitude  larger  than  the  Sargasso 
Sea.  The  forward  scatterance  is  more  pronounced  in  the  Baltic  indicating  that  there  are  larger 
particles  present. 

Although  the  function  obtained  at  4J0  m  in  the  Sargasso  Sea,  also  shown  in  Fig.  2,  is  in¬ 
complete,  it  is  evident  that  the  scatterance  decreases  considerably  from  the  surface  to  this 
depth.  In  vitro  measurements  on  water  samples  from  500  m  and  1000  m  depth  indicate  an 
increase  of  the  scatterance  at  these  depths. 

In  Fig.  3  the  corresponding  curves  for  the  blue  to  blue  green  part  of  the  spectrum  are  dis¬ 
played.  For  comparison  the  function  obtained  by  Morel  (6)  on  water  distilled  three  times  without 
boiling  is  also  shown.  These  measurements  were  carried  out  at  546  nm,  but  have  here  been 
transformed  to  460  nm,  assuming  a  dependency  on  wavelength  as  l.ir  molecular  scatterance. 

Also  in  this  case  the  curves  show  a  striking  similarity,  but  the  forward  scatterance  is 
considerably  more  pronounced  in  the  Baltic.  In  the  Sargasso  Sea  the  molecular  scatterance  has 
a  significant  influence  on  the  shape  of  the  total  scattering  function  in  this  part  of  the  spectrum, 
which  is  not  the  case  in  the  Baltic.  For  90°  scattering  angle  the  molecular  part  amounts  to  87% 
and  38%,  respectively,  in  the  two  areas.  The  importance  of  the  molecular  scatterance  in  the 
Sargasso  water  is  further  stressed  by  comparison  with  Morel's  measurements.  The  close 
agreement  at  large  scattering  angles  is  striking,  and  suggests  extremely  low  particle  content. 
Nevertheless  at  angles  -  60°  tha  particles  determine  the  scattering  function.  The  molecular 
part  of  the  total  scattering  coefficient  is  only  10-11%.  An  effect  of  the  molecular  influence  is 
also  that  the  total  scattering  functions  are  dependent  on  wavelength. 

Particle  scatterance.  Next  the  particle  scattering  functions  will  be  discussed.  These  (Fig.  4) 
are  obtained  by  deducting  LeGrand's  (7)  theoretical  values  of  the  molecular  scatterance  from  the 
total  scatterance.  The  wavelengths  510  nm,  525  nm,  and  632.8  nm  for  the  Baltic,  and  632. 8  nm 
for  the  Sargasso  Sea  are  shown.  For  comparison  a  function  obtained  by  Tyler  (8)  around  522  nm 
in  coastal  water  is  incorporated. 

The  very  strong  forward  scatterance  shows  that  in  both  areas  the  particle  scatterance  is 
determined  by  particles  larger  than  the  wavelength  of  the  light.  While  it  in  the  Sargasso  Sea 
seems  to  be  virtually  independent  of  wavelength  this  is  not  the  case  in  the  Baltic.  There  the 
scatterance  shows  a  distinct  maximum  in  the  green  part  of  the  spectrum,  while  it  is  similar  in 
the  red  and  blue  parts.  This  could  probably  be  caused  by  the  abundance  of  particulate  matter  of 
biological  origin  in  the  Baltic,  and  due  to  selective  absorption  by  this  material.  One  should  note 
that  the  color  of  the  Baltic  water  as  determined  by  irradiance  measurements  is  510  -540  nm  in 
the  surface  layer  (4,  p.  149). 

The  ratio  of  total  scatterance  at  45°  to  total  scattering  coefficient  is  practically  constant 
in  the  purely  oceanic  region  with  a  mean  value  of  3.  3  •  10"  .  The  approximate  constancy  of 
this  ratio  was  pointed  out  by  Jerlov  (9)  for  ocean  water,  and  by  Tyler  (10)  for  prepared  su¬ 
spensions.  In  the  Baltic  ihe  ratio  is  found  to  vary  considerably,  but  is  generally  lower  than  in 
the  ocean.  The  ratio  has  different  values  for  different  suspensions  (1),  and  the  lower  ratio  in 
the  Baltic  is  consistent  with  a  large  concentration  of  biological  material.  The  variation  of  the 
ratio  further  inaicates  that  the  suspension  in  the  Baltic  contains  a  wider  distribution  of  particles, 
both,  regarding  size  and  origin. 

COMPARISON  BETWEEN  OBSERVED  AND  THEORETICAL  SCATTERING  FUNCTIONS 

It  is  well  known  that  scattering  measurements  on  a  polydispersed  system,  usually  combined 
with  determinations  of  the  polarisation  ratio  at  at  least  one  angle,  can  be  used  to  investigate  the 
particle-size  distribution  (11).  The  technique  is  advantageous  when  the  particles  cannot  be 
collected  for  direct  observation,  which  iB  the  case  m  many  astronomical,  atmospherical,  and 
oceanographical  applications.  It  is  not  advisable  to  use  only  water  sampling  and  in  vitro 
teenniques  in  studies  of  particles  in  the  sea,  since  many  particles  of  primary  importance  are 
very  delicate  and  easily  break  up  during  the  process  of  sampling  (12). 

PAP.T'OI.E -SIZE  DISTRIBUTION  MODELS 

The  present  observations  have  been  used  for  investigating  several  possible  models  of  the 
particle-si., e  distribution.  The  Mie-theory  (13)  is  the  theoretical  foundation  for  these  calculations. 
The  tables  of  Ashley  and  Cobb  (14),  supplemented  with  those  of  Gumprecht  and  Sliepcevich  (15), 
have  been  used  since  they  seem  to  be  most  appropriate  to  the  present  problem.  The  U3e  of  these 
tables  implies  that  the  particles  must  be  distributed  in  discrete  sizes.  The  relative  refractive 
index  m  used  in  the  tables  is  1.20,  which  is  somewhat  higher  than  the  average  value  of  m*l.!7 
for  minerals  in  the  sea  given  by  Pavlov  and  Grechushnikov  (16).  This  value  could  be  employed 
for  the  Sargasso  Sea,  where  the  scatterance  is  determined  by  minerals  such  as  quartz,  and  where 
the  particulate  matter  of  biological  origin  plays  a  minor  role,(l).  On  the  other  hand  the  m-values 
in  the  Baltic  probably  covers  a  rather  large  range  due  io  the  presence  of  biological  material.  In 
tins  case  it  must  be  regarded  as  a  rough  approximation  to  use  a  constant  value  of  m  =  1.20. 

The  range  of  radii  (r.)  is  limited  to  the  a-values  of  the  tables.  The  following  values  of 
a  -  2c  r/ A  have  been  used,  'a  =  1 0,  15,  20,  30,  35,  and  30,  with  A  =  632.8  nm.  The  value  of 
80  is  found  in  (15),  but  only  for  0°  to  i°.  However,  it  is  in  this  region  that  a  few,  large 
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particles  can  play  a  decisive  role,  which  is  the  reason  for  incorporating  the  value  in  the  calcul¬ 
ations,  Guided  by  the  present  results  and  by  other  observations  as  summarized  by  Jerlov  (4,  p.  25), 
it  is  assumed  that  particles  smaller  than  1  ^  m  in  radius  do  not  contribute  significantly  to  the 
scatterance.  All  evidence  so  far  is  in  favour  of  such  a  view. 


The  total  number  of  particles  to  include  in  the  models  has  been  estimated  by  means  of  the 
equation 


b  =  Vi  N.  *K.  •  r.2 
p  i  i  i  i 


(3) 


where  Nj  is  the  number  of  particles  with  radius  r.  and  efficiency  factor  K.,  and  b  is  the  particle 
scattering  coefficient.  The  value  of  b  is  known  ’from  the  observations,  and  thus  N.  can  be 
found  if  K.  and  r^  are  known.  Despite^  thorough  analytical  discussions  (11)  and  relevant  measure¬ 
ments  (17/  ,(18),  it  is  difficult  to  assign  an  exact  value  to  K..  It  is  well  known,  and  borne  out 
hy  thi  measurements  mentioned,  that  the  value  is  approximately  2.  Since  not  much  seems  to  be 
gained  at  present  in  using  a  more  refined  value,  K.  has  been  given  the  value  2  for  all  radii  used 
in  order  to  simplify  the  calculations.  Even  if  this ’is  a  defect  of  the  models  it  is  not  believed  to 
be  a  serious  one.  It  should  be  stressed  that  the  values  of  r.  used  in  the  computations  are  those 
corresponding  to  the  Ot-values  given  above,  supplemented  witl)  a  few  radii  deemed  necessary  to 
incorporate  for  the  sake  of  completeness. 


As  regards  the  choice  of  distribution  functions,  there  is  no  strong  evidence  in  favour  of 
any  particular  distribution  to  be  used.  Particle  countings  (4,  p.  27;  19)  usually  show  more  or 
less  well  defined  intermediate  maxima.  Therefore  two  different  forms,  namely  normal  and  power 
law  distributions,  have  been  used. 


First  the  noxmal  size  distribution 


N(r.) 


1 

t  i'TTF 


(4) 


is  discussed.  Several  values  of  the  mean  radius  (r)  and  the  standard  deviation  (<T)  have  been 
tried.  The  best  fit  is  found  for  r  =  3  and  CT  =  1.2  when  comparing  with  the  scattering  function  of 
the  Sargasso  Sea  surface  layer  (Fig.  5).  The  total  number  of  particles  used  in  the  model  is 
360  per  cm3,  in  the  radius  range  1.2  -4.3  ^m.  The  agreement  between  model  and  observations 
is  fairly  good,  but  this  only  shows  that  the  scatterance  'eally  is  determined  by  this  range  of 
particles.  The  distribution  is  narrow,  and  probably  not  too  representative  of  oceanic  conditions. 
The  total  number  of  particles  is  low,  corresponding  to  a  dry  weight  of  0.  12  mg/1,  using  the 
rather  high  average  density  2.  5  g/cm3  for  the  particulate  matter.  This  mass  of  suspended  matter 
is  considerably  lower  than  the  oceanic  average  of  0.8  -  2.5  mg/1  (4,  p.  26).  It  is  low  compared 
to  direct  estimates  in  the  Sargasso  Sea  as  well  (20).  The  conclusion  is  that  a  model  of  the  type 
of  eq.  4  is  not  representative  for  the  Sargasso  Sea  surface  layer. 


Next  a  particle -size  distribution  of  the  form 

N(r.)  =  const.  •  r.*  ^  (5) 

is  discussed.  Several  values  of  the  exponent  ?  have  been  investigated.  As  regards  the  Sargasso 
Sea  a  model  with  f  =  3  is  compared  with  the  observations  in  Fig.,  6.  The  total  number  of  particles 
with  radius  larger  than  1  u  m  used  in  the  model  is  1560  per  cmJ,  corresponding  to  a  dry  weight 
of  0.08  mg/1,  which  is  a  very  low  value.  Although  the  general  agreement  between  model  and 
observation  ernnot  be  denied,  the  forward  scatterance  of  the  model  is  weaker  than  the  observed. 

In  Fig.  7  a  model  with  f  =  2  is  compared  w.'th  the  same  observations.  The  number  of 
particles  larger  than  I  /im  in  radius  is  960  per  cm3,  yielding  0,24  mg/ 1  dry  weight  in  rather 
good  agreement  with  other  estimates  (20).  The  resemblance  between  observation  and  calculation 
is  by  far  the  best  in  this  case.  It  is  noted  that  the  model  yields  adequate  values  of  the  forward 
scatterance.  This  model  also  conforms  with  the  observation  that  the  particle  scatterance  in  the 
Sargasso  Sea  is  virtually  independent  of  wavelength. 


Thus  several  indications  found  in  the  measurements  are  consistent  with  this  size  distrib¬ 
ution  and  it  is  suggested  that  it  is  fairly  representative  of  conditions  in  the  surface  layer  of  the 
Sargasso  Sea. 


In  the  Baltic  the  scatterance  is  considerably  stronger  than  in  the  Sargasso  Sea,  but  the 
scattering  functions  are  similar  in  shape.  In  the  Baltic  the  scatterance  is  wavelength  dependent, 
there  is  an  abundancy  of  biological  material,  the  m-valucs  therefore  probably  covers  a  large  range, 
and  one  should  expect  the  particle -size  distribution  to  bo  wider.  The  problem  thus  is  more 
complicated  in  this  area. 

The  model  scattering  functions  presented  above  have  been  compared  with  the  Baltic  observ¬ 
ations,  using  a  larger  number  of  particles  as  found  from  eq.  3,  but  the  agreement  is  not  con¬ 
vincing.  Two  other  models  are  also  investigated.  Fig.  8  displays  a  model  with  f  =1.5  together 

with  the  surface  layer  observations  in  the  Baltic.  The  number  of  particles  larger  than  1  m  m 
.ncluded  in  the  model  is  7240  per  cm3.  The  distribution  is  in  the  present  range  very  similar  to  a 
particle -size  distribution  found  by  direct  counting  in  the  Gullmar  fjord  (18).  Generally  agreement 
between  mode)  and  observations  ;s  good,  but  there  are  deviations  in  details.  This  is  to  some 
degree  duo  to  the  fact  that  only  part  of  the  larger  particles,  which  are  much  more  abundant  here 
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than  in  the  Sargasso  Sea,  can  be  included  in  the  calculations  because  of  the  limitations  of  the 
tables  used,  as  well  as  to  the  fact  that  the  calculations  are  limited  to  one  m-valuc  only.  Thus  it 
is  not  possible  to  state  at  present  whether  or  not  this  model  fits  for  the  Baltic,  even  if  it  in  a 
general  way  conforms  with  observations. 

Hinzpeter  (21)  argues  that  in  certain  areas  of  the  Baltic  the  particle-size  distribution  cannot 
be  given  by  a  power  law  because  of  the  dispersion  shown  by  the  scatterance.  Thus  it  is  of  in¬ 
terest  to  apply  a  different  type  of  distribution  function.  This  cannot  in  a  convenient  way  be  done 
with  the  tables  used  so  far.  Deirmendjian  (22)  has  published  a  complete  set  of  tables  using 
several  continuous  models  with  different  particle  ranges.  With  modifications  these  could  be 
applicable  to  the  present  problem. 

The  continuous  size  distribution  (27,  p.  75) 

dN(r)  =  a  •  •  exp(-d  •  r'  )dr,  0  5  r  (6) 

is  called  a  modified  gamma  distribution.  Depending  upon  the  particular  values  given  the  constants 
a,  J  ,  d,  and  ,  different  models  are  defined.  The  calculations  are  performed  for  several  wave¬ 
lengths,  of  which  700  nm  suits  the  present  observations  at  632.  8  nm  best. 

Fig.  9  shows  one  of  the  models,  demoted  Cl  with  J  =  6,  f  =  1,  together  with  the  Baltic 
observations.  The  range  of  radii  is  1  -  14  Am  with  maximum  at  4  <r  m.  The  observed  small 
angle  scatterance  is  somewhat  stronger  than  that  of  the  model,  while  the  observed  backward 
scatterance  is  much  weaker  than  that  of  the  model.  Despite  this  there  is  an  evident  general 
agreement. 

In  this  comparison  there  is  a  serious  difficulty,  since  Deirmendjian  uses  m=  1.33,  which 
is  not  representative  for  the  particulate  matter  in  the  Baltic.  How  does  a  change  in  the  value  of 
m  affect  the  shape  of  the  scattering  function?  An  indication  of  thio  is  found  when  comparing  the 
scattering  function  given  by  Deirmendjian  for  another  of  his  models,  denoted  C3,  using  m  =  1.33, 
with  the  scattering  function  for  the  same  model  as  calculated  by  means  of  the  tables  of  Ashley 
and  Cobb  for  m  =  1.20  (Fig.  10).  Evidently  the  general  shape  of  the  two  functions  do  not  differ 
very  much,  but  there  are  considerable  differences  in  details.  It  is  interesting  to  note  that  the 
values  of  the  small  angle  scatterance  are  identical.  It  must  be  stressed  that  Deirmendjian  uses 
continuous  distributions. 

The  intense  small  angle  scatterance  observed  in  the  Baltic  has  probably  several  causes. 
Some  very  large  particles  will  give  rise  to  strong  scatterance  at  small  angles.  With  an  m-value 
larger  than  1.15  this  scatterance  is  determined  by  diffraction.  As  m  approaches  l,a  departure 
from  the  diffraction  occurs  for  large  a-values.  Not  diffraction  but  the  more  refraction  determines 
the  scattering  function  at  small  angles  (11,  pp.  172-191}  23).  Interference  between  the  refracted 

and  the  diffracted  light  will  become  important,  and  the  phase  difference,  determined  by 
9  -  2a(m-l)  becomes  significant.  Constructive  interference  will  cause  anamalously  strong 
forward  scatterance. 

As  regards  the  backward  scatterance  the  value  of  m  probably  also  is  important,  and  possib¬ 
ly  this  part  of  the  scattering  function  can  be  used  to  obtain  a  better  understanding  of  the  nature 
and  form  of  the  particulate  matter.  The  discrepancy  between  models  and  observations  for  large 
scattering  angle  (6  7  90°)  is  probably  an  indication  of  the  deviation  of  the  form  of  the  particles 
from  the  spherical.  A  further  study  of  this  phenomenon  would  need  more  detailed  observations. 

Finally  it  should  be  mentioned  'hat  measurements  of  the  polarization  ratio  have  to  be  in¬ 
cluded  to  obtain  a  complete  picture  of  .he  scatterance  as  well  as  the  size  distribution  and  compos¬ 
ition  of  the  particulate  matter. 

CONCLUSIONS 

The  measurements  decribed  above  are  far  from  complete,  and  the  results  in  the  last 
section  must  accordingly  be  regarded  with  caution  ,  In  the  Sargasso  Sea  the  molecular  scatter- 
ance  has  an  influence  which  means  that  the  water  is  extremely  poor  in  particles.  This  is  in 
accordance  with  the  view  that  the  Sargasso  Sea  is  an  art  of  convergence,  implying  that  the  water 
is  relatively  old.  Nevertheless,  the  particles  present,  determine  the  shape  of  the  scattering 
function  for  angles  less  than  t>u°.  The  particles  are  larger  than  the  wavelength  of  the  light.  It 
is  suggested  that  the  wavelength  dependency  is  very  weak.  \  discrete  particle -size  distribution 
of  the  form  of  a  power  law  shows  a  scattering  function  independent  of  wavelength,  and  in  close 
agreement  with  the  measurements. 

The  scattering  functions  in  the  central  Baltic  are  similar  in  shape  to  those  in  the  Sargasso 
Sea.  Small  angle  scatterance  is  more  pronounced,  showing  that  the  particles  on  an  average  are 
larger  than  in  the  Sargasso  Sea.  It  seems  probable  that  the  very  intense  small  angle  scatterance 
is  caused  by  large  transparent  particles.  The  intensity  of  the  scattered  light  is  much  higher,  and 
the  molect^lar  scatterance  has  no  significant  influence.  The  particle  scatterance  is  found  to  be 
dependent  on  wavelength,  with  a  pronounced  maximum  in  the  green  part  of  the  spectrum.  This 
may  be  caused  by  biological  particulate  matter,  acting  through  selective  absorption. 

The  scattering  functions  of  different  discrete  particle -size  distributions  have  been  compared 
with  the  observations,  but  no  definite  results  are  obtained.  This  is  probably  partly  due  to  the 
incomplete  character  of  the  calculations.  To  be  able  to  describe  the  scattering  function  of  such  a 
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complicated  polydispersed  system  as  that  in  the  Baltic  by  theoretical  calculations  a  larger  range 
of  Of-values  is  needed  for  several  different  values  of  m.  More  detailed  measurements  of  the 
scatterance,  and  polarization  ratio,  are  necessary  to  arrive  at  true  values  of  the  particle-size 
distribution. 
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SUMMARY 

It  is  interesting  to  know,  either  for  their  own  sake  or  for  biological  and  human  purposes, 
the  properties  of  daylight  after  it  has  propagated  through  seawater  over  various  distances.  Such 
properties  are  relatively  well  known  on  the  surface,  but  they  undergo  considerable  modifications 
as  daylight  penetrates  through  the  water,  due  to  the  interaction  of  the  electromagnetic  waves  with 
the  medium.  The  two  optical  characteristics  of  seawater  which  essentially  describe  such  interac¬ 
tion  are  selective  absorption  and  scattering,  As  a  result,  the  spectrum  and  space  distributions 
of  daylight  are  modified.  Therefore,  a  perfect  knowledge  of  the  light  energy  available  m  the 
ocean  would  require  determining  these  two  distributions  in  each  spot  ;  however,  this  involves 
difficult  time  consuming  measurements. 

This  paper  will  attempt  to  demonstrate  that  partial,  however  valuable  knowledge  of  the 
above  mentioned  phenomena,  can  be  achieved  hy  means  of  simple  and  easily  handlet  instruments. 
With  this  purpose  in  view,  first  the  relationship  with  the  spectrum  properties  of  the  measurements 
already  carried  out  with  instruments  specifically  designed  for  investigating  daylight  penetration, 
will  be  discussed.  Then,  in  connection  with  space  properties,  the  "boundary  distribution"  of  lumi¬ 
nances  and  its  prediction  based  on  the  optical  properties  of  seawater  will  be  considered. 
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SOMMAIRE 


La  repartition  de  l'energie  solaire,  au  sein  de  la  ner,  depend  de  la  repartition  de  surface  et 
des  caracteristiques  de  l'eau  traversSe  :  absorption  et  diffusion.  Apres  avoir  rappele  la  nature  de  la 
lumiSre  du  jour  en  surface,  et  examine  les  propriety  optiques  decrivant  1’ interaction  des  ondes  <'lec- 
tromagnetiques  avec  le  milieu  marin  dans  le  domaine  du  visible,  nous  deracerons  quelques  parenctres  qui 
caraeterisent  la  penetration  de  la  loniJre  dans  la  ner  (coefficients  d'extinction) .  A  des  profondeurs 
Buffi  garment  grandes,  le  regime  lunineux  tend  vers  une  forr.e  Unite  independents  du  repine  de  surface  et, 
dans  ce  cas,  existent  des  relations  plus  sinples  entre  les  coefficients  d'extinctions  et  les  caractSris- 
tiques  optiques  ;  ces  relations  sont  presentees  et  verifiees  au  noyen  de  quelques  donnees  expSrinentales. 

1.  INTRODUCTION 

L'energie  solaire  atteignant  la  surface  de  la  ner,  possede  une  repartition  6  la  fois  spectrale 
et  spatiale,  qui  change  avec  la  nebulosite  de  la  voute  celeste  et  la  hauteur  du  Boleil.  Lorsqu’elle  pene- 
tre  en  profondeur,  la  repartition  eat  nodifiee  par  les  caracteristiques  optiques  du  nilieu  que  sont  1 'ab¬ 
sorption  et  la  diffusion.  Les  mesures  de  decroissance  de  l'energie  rayonnante  pour  le  spectre  visible 
sont  effectuees  couraament  en  Oceanographie,  nais  elles  ne  present ent  jusqu'a  present  qu'un  caractdre 
descriptif  ;  en  effet,  bien  que  l'equation  de  transfert  de  l'energie  soit  connue,  il  n'existe  pas  de  re¬ 
lations  simples,  suffisanment  independent es  de  l'eclairenent  en  surface  pour  qu'elles  soient  gSnSrales, 
entre  les  coefficients  d'extinction,  qui  dlerivent  la  diminution  de  l'energie  d'une  naniire  globalc,  et 
les  caracteristiques  optiques,  qui  sont  les  facteurs  physiques  responsables  de  eette  diminution. 

Cependant,  lorsque  la  profondeur  consideree  est  suffisanment  grande,  1' effet  de  la  lumicre  de 
surface  devient  trea  faible,  et  l'etat  lumineux  ne  depend  que  des  caracteristiques  optiques.  Dans  ces 
conditions,  il  est  possible  de  trouver  par  le  calcul,  alors  eimplifie,  de  telles  relations. 

2.  RAPPEL  DES  FACTEURS  INFLUAHT  SUR  LA  PENETRATION  DE  LA  LUMIERE  DU  JOUR 

(Dans  tout  ce  qui  suit,  on  ne  tiendra  pas  conpte  des  phenomenes  de  polarisation). 

2.1.  La  source 

On  la  considdre  en  general  come  la  superposition  de  la  lumicre  solaire  directe  (provenant 
d'une  source  infiniment  eloignee),  et  de  celle  rSenise  par  la  voQte  cel-.-ste  (provenant  d'une  source  6t en¬ 
due ) .  Independament  des  variations  d'lnergie  en  valeur  absolue,  l'influence  respective  de  ces  deux 
cor.posantes  change  dans  le  tenps  avec  la  nebulosit?  et  la  hauteur  du  soleil.  Ceci  entralne  une  modifica¬ 
tion  constante  at  parfois  importante  de  la  repartition  spectrale  et  spatiale  de  la  luniSre  du  jour  (ciel 
clair,  ciel  couvert,  etc..),  et  done  l'impossibilite  de  sch?natiser  celle-ci  sans  faire  d'hypoth5ses 
tres  simplificatrices,  telles  que  celles  de  supposer  le  ciel  uniforraenent  eclair?,  ou  de  faire  abstrac¬ 
tion  de  la  voSte  celeste. 

2.2.  Caracteristiques  optiques 

Les  deux  principals",  caracteristiques  sont  l'absorption  et  la  diffusion,  Elles  sont  definies 
pour  un  pinceau  collinat?  et  caraeterisent  le  niJieu  narin  dans  son  interaction  avec  les  ondes  electro- 
magn?tiques, 

Le  coefficient  neperien  d'absorpt.ion  "a"  symbolise  l'aptitude  que  possSde  le  nilieu  4  capter 
l'energie  ?lectrom*gn?tique  et  a  la  transformer  en  une  autre  forme  d'energie.  Cette  grandeur  intervient 
surtout  pour  modifier  la  repartition  spectrale  de  la  lumicre,  car  elle  depend  beaucoup  de  la  longueur 
d'onde.  Les  radiations  de  longueurs  d'onde  superieures  a  650  nn  sont  absorbees,  sinon  dans  les  premiers 
centin@tre3,  du  moins  dans  le  premier  m&tre,  par  suite  de  la  forte  absorption  de  l'eau  elle  mSme  ;  et 
celles  de  longueurs  d'onde  inferieures  a  350  nm  disparaiscent  plus  ou  noins  rapidonent,  selon  la  concen¬ 
tration  des  matieres  dissoutes. 

I*  diffusion  dans  l'eau  de  ner  (caract?ris?e  par  son  indicatrice  angulairc,  tres  pointue  vers 
l'avant,  et  le  coefficient  n?p?rien  total  "b")  redistribue  dans  tout  l'espace  les  radiations  provenant 
d'une  direction  et  modifie  done  surtout  la  repartition  gecnctrique  de  la  lumicre.  En  outre,  puisque  le 
milieu  consider?  est  pratiquenent  infitii,  ce  phenonene  intervient  un  grand  nombre  de  fois  dans  la  pene¬ 
tration  de  la  lumicre  du  jour  :  e'est  le  jeu  des  diffusions  multiples. 
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£n  fait,  il  faut  se  garder  de  considSrationB  trop  simplistes,  car  la  diffusion,  par  sa  selec- 
tivite,  intervient  dans  la  modification  de  la  repartition  spectrale  ;  la  repartition  geometrique  est 
auasi  modifiSe  par  1* absorption,  puisqu'une  onde  diffusee  n'est  pas,  pour  autant,  soustraite  5  l'influen- 
ce  de  ce  phSnonene. 

3.  PARAMETRES  DECRIVANT  LA  PENETRATION  DE  LA  LUMIEHE  DU  JOUR  :  COEFFICIENTS  D'EXTINCTION 

Ces  coefficients,  aisenent  calculables  4  partir  des  nesures  photometriques  classique-,,  carac- 
terisent  experiment alenent  la  decroissance  de  l'energie  solaire  dans  la  ner.  Ils  dependent  evidenment 
des  facteurs  precSdenment  cites ,  mais  souvent  d'une  naniRre  eonplexe, 

3.1.  Definition 


Si  G  est  la  grandeur  photonetrique  dont  on  Studie  la  decroissance, 
d'extinction  relatif  a  cette  grandeur  est  : 

„  _  1  dG 


(1) 


dr 


le  coefficient  nepSrien 


C'est  aussi  la  pente  en  coordonnSes  seni-logarithmiques  de  la  c our be  representative  des  varia¬ 
tions  de  G  avec  la  profondeur. 


3.2. 


De  la  definition,  il  ressort  qu'il  y  a  autant  de  coefficients  d'extinction  que  de  grandeurs 
photonetriques  mesurSes  (I).  Lob  plus  utiles  sont  ceux  relatifs  S  : 

-  l'eclairement  plan  ou  spherique  4  une  longueur  d'onde  ; 

-  l'eclairment  plan  ou  spherique  SnergStique  ou  photonique  dans  un  intervalle  large  de  longueurs 
d'onde  i 

-  la  luminance  dans  unc  direction  et  pour  une  longueur  d'onde. 

Ces  coefficients  varient  en  general  avec  la  profondeur  et  avec  le  temps.  La  figure  1  reprSsente 
4  gauche  la  decroissance  de  l'energie  photonique  dans  le  visible,  en  une  station  pour  deux  pSriodes  de 
1'annSr,  et  a  droite  les  coefficients  d'extinction.  MSne  lorsque  les  eaux  sont  hoeiogcnes  Ibb  coefficients 
dependent  en  principe  de  la  profondeur  par  suite  de  1' intervention  des  diffusions  multiples, 

Les  coefficient!;  ^'extinction  sont  done  commodes  pour  caraeteriser  la  penetration  de  la  lumiRre 
du  jour,  was  leu-  interpretation  est  rendue  dSlicate  par  leurs  variations  avec  la  profondeur,  la  nature 
de  l'Sclairment  tn  surface,  et  aussi  le  type  de  rScepteur  photomStrique  utilise.  En  outre,  les  relations 
qui  les  lient  aus  -.aracteristiques  optiques  ne  sont  pas  siaplea,  bien  que  1' Squat  ion  de  transfert  de 
l'energie  au  sein  du  milieu  marin  diffuaant  et  absorbent  soit  connue. 

1*.  EQUATION  DE  TRANSFERT 

(Dans  tout  ce  qui  suit,  la  longueur  d'onde  est  fixSe), 

On  salt  qu'unc  forme  de  l’Squation  de  transfert  des  ondes  Sleetromagnetiques  dans  un  milieu 
absorbent  et  diffusant  s'Scrit  pour  lea  luminances  et  pour  une  longueur  d'onde  dans  le  visible  s  (II) 

(2)  cos  9  ■  -cL  (z,8,<j>)  +  b  L  (x,8',if)  B  (8,6',f  .f* ) 

c  Stant  le  coefficient  d'attSnuation  i 

(3)  c  ■  a  +  b 

L  (z,0,y)  eat  la  luminance  dans  la  direction  (6,  )  considSrSe  et  a  la  profondeur  1. 

B  (8,8',f,^')  reprSsentant  le  coefficient  angulaire  de  diffusion  en  valeur  relative  pour  1' angle  que 

fait  la  direction  (8’,<j')  avec  la  direction  (8,<f)  cor.sideree.  Il  existe  de  plus  la  relation 

(M  J|  B  («)  du  -  1 

Plusieurs  auteurs  oat  dSj4  rSsolu  l’equation  (2)  pour  des  cas  voisins  de  l'eau  de  mer  (III,  IV, 
V),  mais  lea  mSthodes  restent  eviderament  assez  complexes  et  sont  tou jours  apprcchees. 

Il  existe  cependant  un  cas  od  la  rSsolution  est  grandement  facilitSe  :  lorsque  la  rSpartition 
dea  luminances  ne  varie  pas  avec  la  profondeur  et  prend  la  forme  . 

(5)  L  (z,  e,«f  )  *  1  (8)  exp  (-Xz) 

X  Stant  indSpendant  de  z,  0,  . 

L'Squation  devient  alors  : 

(€)  1  (e)  -  -^-.-{y.-'c-osi-  //J  (9’>6  (6*6,'(f,)  d“' 

Cette  relation  est  valable  dans  le  cas  de  l'eau  de  mer  pour  le  rSgims  asynptotique/qui  existe 
lorsque  la  profondeur  considerSe  est  suffisamment  grande. 
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5.  REGIME  ASIMPTOTIQUE 

5.1.  Existence 

PREISENDOFFER,  en  particulier,  a  d£nontr£  son  existence  du  point  de  vue  theorique  (VI),  tandis 
quo  plusieurs  auteurs  en  ont  apporte  les  preuves  expSrinentales  par  des  resultats  obtenus  soit  en  ner, 
soit  sur  des  milieux  artificiels  analogues  a  l'eau  de  ner  (VII,  VIII)  ;  sur  la  figure  2,  tiree  de  l’ar- 
ticle  (VII )  sont  presentees  les  courbes  repr^sertant  en  coordonn£es  seni-logarithniques ,  les  variations 
des  luminances  avec  la  profondeur  pour  deux  milieux  homogenes  artificiels  differents  (b/c).  On  renarque 
effectivement  qu'elles  possSdent  la  mfae  penve,  dans  les  deux  cas,  pour  la  direction  verticale  0°  et 
celle  eioignSe  de  30°  de  cette  demiere. 

5.2.  ParamStres  caractiristiques 


L'equation  (6)  montre  que,  pour  une  indicatrice  de  diffusion  donnee,  le  regime  asymptotique  est 
compldtemcnt  determine  par  le  choix  d'un  des  trois  paraaotres,  1(0),  k/c  et  b/c.  £n  particulier  il  existe 
une  relation  biunivoque  entre  k/c  et  b/c  qui,  d'ailleurs,  a  dejn  ete  r.ise  en  evidence  par  divers  auteurs 
pour  des  indicatrices  de  diffusion  parfois  ts sez  diffgrentes  de  celles  de  l'eau  de  ner  ( VII,  IX,  X,  XI, 
XII).  TIMOFEEVA  (XI)  propose  une  relation  expSrinentale  de  la  forme  : 

(7)  / - - - - - 

k/c  p*  (1-x)  X 

dans  laquelle  x  *  b/c  et  p  est  un  facteur  qui  depend  de  l'indicatrice  de  diffusion  du  milieu. 

5.3.  MSthode  de  calcul  utilisee  pour  trouver  la  relation  k/c,  b/c 


AprSs  avoir  choisi  l'indicatrice  de  diffusion,  on  fixe  le  rapport  k/c  et  on  proc'de  par  itera¬ 
tion  pour  trouver  la  valeur  de  b/c.  On  dSfinit  done  une  double  suite  : 


(8) 


IL.  r  (8«)  6  (MV)  du' 

1  (e)  « — !!2-2=i - - - 1 -  ;  f  (0) 

1  -  k/c  cos  0 


Vi  (6) 

Xn-1  (6) 


1^  (0)  est  pris  arbitraireraent  et  cette  suite  converge  vers  une  limite  f^  (0).  Alors  : 


(9) 


b/c  «(1~  k/c) 


(0')  8  (6,0*,f')  du' 


5.i».  Cas  de  l'eau  de  mer 

La  diffusion  de  l'eau  de  mer  est  la  resultante  de  la  diffusion  due  aux  particules  et  de  la 
diffusion  moleculaire  de  l'eau.  L'indicatrice  de  diffusion  moleculaire  est  connue  et  fixe,  celle  due  aux 
particules  eat  pratiquement  ind6pendante  du  lieu  considere  et  de  la  longueur  d'onde  (XIII,  XIV).  Seule 
change  la  part  respective  de  la  diffusion  moleculaire  et  de  la  diffusion  particulaire,  e'est  a  dire  le 
rapport  b  /b  . 

IQ  p 

Nous  avons  choisi  comme  indicatrice  de  diffusion  due  aux  particules  celle  etablie  par  NYFFELEP 

(XV) ,  et  comme  indicatrice  de  diffusion  moleculaire  : 

(10)  8  (0)  -  8  (90)  (1  +  0,835  cos20) 

Pour  trois  valeurs  du  rapport  b  /b  couvrant  tous  les  cas  qu'ii  est  possible  de  rencontrer  en 
mer,  nous  avons  calculer  b/c  a  partir  de  “  ^  k/c  et  avons  portfi  leB  resultats  sur  la  figure  3. 

L'examen  de  cette  figure  appelle  quelques  remarques  : 

-  toutes  les  courbes  passent  par  les  points  b/c  *  1,  k/c  *  0  ;  et  b/c  »  0,  k/c  ■*  1,  qui  correspondent 
respect ivement  a  un  milieu  parfaitement  diffusant  (sans  absorption)  et  a  un  milieu  parfaitement  absorbent 
(sans  diffusion). 

-  L'influence  de  la  diffusion  moleculaire  dans  l'eau  de  ner  se  fait  peut  sentir  sur  la  relation  k/c, 
/c  (elle  est  beaucoup  plus  importante  sur  la  repartition  asymptotique  des  luminances  non  montrees  ici). 

-  Les  par^mStrea  p  (Eq  (7))  sent  voisins  de  0,25  alors  que  TIMOFEEVA  (XI) indiquait  0,23  pour  des  mi¬ 
lieux  laiteux. 

-  Nous  avons  porte,  en  outre,  des  points  de  closures  affectuSes  sur  des  eaux  naturelles  j  PREISF.IIDORFER 

(XVI) ,  JERLOV  (XVII).  Les  mesures  fournies  par  TIMOFEEVA  (XI)  correspondent  a  des  milieux  artificiels 
d' indicatrice  de  diffusion  proche  de  cello  de  l’eau  de  mer.  La  concordance  de  ces  points  experimental 
avec  les  caleuls  theoriques  est  done  bonne. 

-  Lea  calculs  ont  ete  menes  sans  prendre  en  consideration  les  phenonr’nes  de  polarisation.  Cepcndant 
dans  le  cas  des  eaux  de  mer  leur  effet  doit  8tre  faible  sur  les  relations  iitablies  (VII), 

6,  CONCLUSION 

Dans  les  eaux  de  ner,  et  dens  le  cas  particulier  du  rSgine  asymptotique,  nous  avons  montre  le 
lien  qui  existe  entre  les  coefficients  d'extinction  caracterisant  la  penetration  de  la  lumiere  du  jour 
et  les  coefficients  relatifs  aux  caracteristiques  optiques  des  eaux  de  ner. 

Le  coefficient  d'extinction  en  regime  asymptotique  est  ainsi  une  caracteristique  ontique  et  a 
ce  titre  est  independant  de  l'eclairement  source  qui  engendre  le  regime,  r.n  consequence  les  resulta’-s 
trouves  s’appliquent  non  seulement  a  la  penetration  -le  la  lumiere  du  jour  mais  aussi  a  la  penetration 
des  lumieres  artificielles. 
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D6cfO»ssance  de  I'^clairement  photonique  2m  t  Variation  du  coefficient  d'extmction  correspondant 
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SUMMARY 

Within  the  framework  of  the  general  study  on  the  exchanges  between  the  sea  and  the  atmos¬ 
phere  the  infra-red  radiation  of  the  sea  has  been  measured  with  a  radiometre  in  the  8-14  jA. 
range. 

Divergences  between  the  radiometric  surface  temperature  and  the  internal  temperature, 
as  measured  within  the  first  metre,  are  revealed. 

The  causes  for  these  divergences  are  discussed.  It  is  concluded  that  there  exists  a  cold 
superficial  layer,  the  temperature  of  which  is  at  the  outside  different  by  0,3°  0  from  that  of  the 
sea  mass,  in  cold  and  clear  weather. 


MESURE  DE  LA  TEMPERATURE  DE  SURFACE  DE  L" OCEAN  AU  MOYEN  D'UN 
RADIOMETRE  INFRAROUGE. 

DESCHAMPS  P.Y.,  LECOMTE  P.,  VANHOUTTE  J.C. 

C.N.E.X.O.,  BATIMENT  P5,  B.P.  36,  59  -  LILLE  -  DISTRIBUTION 


SOMMAIRE 


Un  radiometre  infrarouge  de  bande  passante  8-13  microns  a  etS  realise.  Sa 
precision  est  de  l'ordre  de  3/100“  C.Des  campagnes  de  raesures  ont  6te  effectu£es  sur  la 
Bouee-Laboratoire  du  l.N.E.X.O.  Au  cours  de  ces  campagnes  on  a  mesure  simultanSment  ia 
temperature  apparente  radiative  de  l'eau,  sa  temperature  rgelle,  et  ,e  rayonnement  du 
ciel,  Les  resuluats  serableraient  indiquer  l'existence  d'un  Lr6s  16ger  v  ,.i'ry’V;.‘3cment  sr 
perficiel  (de  l'ordre  de  0,1  a  0,3°  C) . 


1/  INTRODUCTION 


Leg  mesures  de  tempIrat-Tt  dc  surface  de  la  mer  effectu£es  au  cours  dee  campa- 
gnes  de  JuilleC  1967  et  Dececubra  1967  au  moyen  d'un  radiomStre  infrarougo  avair.nt  moptr£ 
que  la  "temperature  apparente"  de  surface  £tait  en  g£n£ral  infcrieure  de  quelques  dixii!- 

mes  de  degr£s  1  la  temperature  mesur£e  dans  la  masse  de  l'eau,  Ref.  I  . 

Cet  Scare  est  liS  A  l'£tit  du  ciel  et  il  semblait  qu'il  pouveit  a'expliqu <•••  en 

psrtie  au  moins  par  la  r£f)exion  du  rayonnement  du  ciel  sur  la  surface  de  ia  mer  qui  n' 

est  pas  un  corps  noir  parfait. 

Ce  point  important  mSritait  une  etude  plus  complete,  pour  laquelle  nous  avons 
entrepris  2  campagnes  de  mesures,  un  Novembre  1968  et  FSvrier  '969. 

2/  PROGRAMME 


Nous  pregenterons  ici  les  mesures  effectuees  en  F£vrier  1969. 

Le  but  de  la  campfigne  etait  la  determination  du  coefficient  de  correlation  en- 
tre  AT  »  difference  antre  la  temperature  existant  dans  la  masse  d'eau  et  la  temperature 
apparente  de  surface  relevee  au  radiomStre  et  AW  •  difference  d'energie  rayonnde  par  le 
ciel  et  par  la  mer  afin  : 

1*/  comparer  ce  coefficient  de  correlation  au  coefficient  theorique  cbtenu  par  le  cal- 
cut  f  aur  une  reflexion  speculaire  sur  1A  surface  de  l’eau  afin  de  voir  si  cettfs  reflexion 
explique  completement  le  AT  observe  ou  si  une  couche  froide  existe  en  surface. 

2°/  d'Studier  1' influence  de  l'agitation  de  l'eau  sur  le  AT  et  sur  ce  coefficient,  notam- 
ment  en  fcr.ction  de  la  vitesse  du  vent,  ce  qui  semblc.it  suggere  par  les  travaux  de  COX  et 
HUNK .  Ref.  2  . 

3°/  de  pr£ciaer  la  correction  &  apporter  par  suite  de  la  reflexion  sur  une  £ventuelle  roe- 
sure  de  la  temperature  de  surface  de  la  mer  par  avion,  afin  de  n 'avoir  plus  A  tenir  coropte 
qcc  d'une  correction  de  transmission  sur  le  trajet  atmospherique. 


3/  DISPOSITir  EXPERIMENTAL 


Au  cours  de  la  campagne  de  Fevrier  1969,  nous  c'sposior>;  d'ua  radiom-Hre  infra¬ 
rouge  8-13  p,  ayant  une  resolution  en  temperature  de  0,01°  r,  vffant  er.  perwanor.i-o  la  mer 
sous  une  incidence  de  i5°  raesurant  done  une  temp6ratei'-  apnv  -.ate.  Cct  appareii  si;.si  que 
les  methodes  d’etalonnage  ont  £t£  decries  pr£c£deument  ,  Ref.  3  . 

La  temperature  interne  de  l'eau  6tait  obtenue  par  une  sonde  de  pis  ine  mantes 
aur  un  flctteur  et  raccordee  i  la  centrale  de  mesures  raise  au  point  par  J.  GONKLLA  et  J. 
MARTIN  .Ref.  6  . 

De  plus  une  thermopile  permettait  de  mesurer  le  rayonnement  du  ciel.  La  descrip¬ 
tion  de  cette  thermopile  et  sou  €talonnage  aont  donn£s  en  annexe. 


4/  RESULTATS 


A  titre  d'cxemple  la  figure  i  montre  des  enregistrements  simultanes  de  la  tem¬ 
perature  apparente  de  l'eau  mesuree  au  radiomStre,  et  de  AW  ou  l'on  peut  remarquer  une  bon¬ 
ne  correlation  entre  les  deux  ph6nomSnes  lors  des  passages  nuageux.  Mais  la  tres  grande  ra- 
pidite  des  variations  dans  ce  cas  montre  la  difficult  d'un  depoui llemcnt  systemstique. 

Les  resultacs  les  plus  interessants  portent  sur  la  p£riode  du  20  au  73  Fevrier  ou 
des  conditions  lenteoenc  variables  d'etat  du  ciel  et  de  la  mer  ont  permis  d'obtenir  une  bon- 


ne  ob*t“  .-.lion  des  phenomines. 

Sur  la  figure  2  on  a  reportf  la  temperature  oppa'.ente  radiomftrique,  et  la  temperature 
interne  de  1'eau.  On  retrouve  qualitativement  aur  cette  figure  le*  memes  types  de  varia¬ 
tion*  qu'au  coure  dec  campag.ier  precfdentes.  On  a  porte  ega„ement  sur  la  raeme  figure  AW 
exprime  en  di’  'sion-!  de  1  'ar.regiitreur. 


5/  DISCUSSION  DE  U  REFLEXION  Wj  CIEL 


a/  Rappel*  thforiquea 


Au  court  de  I'ftalonnage,  le  radiometre  meture  le  rayonnenent  I  Amis  p*r  un  corps 
noir  A  temperature  T,  dsns  un  domaine  spectral  ou  il  a  une  transmission  t.  .  Nouu  rppelle- 
rons  (T)  la  luminance  energAtique  monochromatiqua  du  corps  noir  A  la  temperature  T. 

fa 

Wr>d> 


(2) 


oQ  p  est  le  coefficient  caracterisant  la  fonction  filtre  et  qui  depend  faiblement  de  la 
temperature  T .  Ref.  3  . 


Lorsque  l'on  vise  la  mer  qui  est  un  corps  noir  imparfait  ayant  une  Cmissivite 
ex  le  rayonnenent  requ  est 


X'  - 


‘x  ta  7x(T)  dX  ♦ 


°"CX)  TX  xx.  dX 


(3) 


tA  Xa(T)  dX  ♦ 


<'-‘x>  <xxs  -xx>  *x  dx 


(4) 


oO  X  est  la  ltsninauce  energ6tique  monochromatique  du  rayonnenent  emit  pat  le  ciel  et 
requ  a  la  surfac:  de  la  mer. 

o  T 

Nou„  definissons  une  temperature  apparente  T  ,  telle  que  Y'  «  p - —  ; 

cette  temperature  obtenua  lors  de  la  mesure  radior'A'-riqBI  prfsente  done  un  ac*rt  pa-,  rap¬ 
port  A  la  temperature  rfelle  de  l'eau  : 


AT  •  T  -  T 


app 


Or  ncua  pouvont  Ccrire  dans  la  limite  des  approximations  faites,  Ref.  3 

p  4  P  3 

I'  •  -  o  T  +  -  4  o  T  AT 
a  a 

d'oQ  nous  o’otenona  en  comparant  lea  expression*  2  ,  4  et  5 


AT 


p  4  ,iT 


3  !< 


°'fX)  VW 


dX 


(5) 


(6) 


Si  I'm  dfsire  obtenir  cette  correction  sur  la  temperature  radiative  A  partir 


dan  mesures  effectuEes,  il  faudrai t  en  toute  *.igueur  mesurer  (I  -I  ),  ce  qui  suppose  une 
oesure  s  :ctra.'e,  puis  eftee  uer  le  calcul  de  1'intEgrale  figurant *§a.ts  t  .  En  fait,  la 
seule  don”5e  qui  soft  Access  ‘-le  a.'sez  facilenent  aux  mesures  est  la  diffErcnce  AW  etitrc 
les  Energies  respeceivement  Emis.-s  p*r  la  mer  et  le  ciel,  c'est  A  dire  : 


AW  -  V  -  W 
v  s 


‘X  l> 


dX 


f* 

1° 


l 


*X  ~ 


(7) 


Remarquons  qu'en  Ecrivant  cette  formule,  nous  asi  imilerono  le  mer  3  un  corps  noir.-  Cette 
approximation  ett  justifiee  pour  le  caicul  du  terme  correatif  AW.  Dans  la  fonrule  7  , 

Tj  est  la  meme  foncticn  filtre  que  prficEdemment  si  le  meme  radiomEtre  sert  4  mesurer  3 
la  foie  l'Energie  en  provenance  du  ciel  et  celle  Cmise  par  la  mer. 

Dane  nos  expEriencef,  nous  avons  utilise  pour  mesurer  AW,  la  thermopile  decrite  en  annexe 
et  le  filtre  dont  elle  etait  munie  durant  cette  campagne  avait  une  transmission  iduntique 
au  filtre  equipant  le  radiomStre  principal;  ce  n'Etait  pas  le  cas  lors  de  la  campagne  de 
Novembre  1968,  ce  qui  modifie  un  peu  le  dEpouillcment  des  resultats. 


Ncus  allons  definir  un  coefficient  moye.i  c  tel  que 

r-  f- 

(1-0  t.(i  -I.)  dX  -  (l-c)  I  il,  -T  .)  t  dX  -  (l-c)  AW  (3) 

A  A  A  aS  !  n  A&  A 

o  Jo 

Il  est  Evident  que  cet  <  deptuidra  dos  repartitions  spect  rales  de  1^  qui  se  modifient  tres 
lEgeroraent  avec  T,  et  surtout  d  l^s  tres  variable  selon  l’etat  du  ciel.  L'introduction 
de  c  ne  prEsentera  Evidemment  d  iuixret  que  si  cea  variations  sont  assez  faibles,  ce  que 
nous  verrons  plus  loin. 


b/  Depend  lement  des  re sures 


Ccsme  nous  l'indiquons  en  annexe,  la  thermopile  visant  ic  ciel  eat  EtalonnEe  sn 
visant  un  bac  d'eau  dont  la  surface  a  une  emissivite  superieure  3  0,97  entre  8  et  I A  p. 
L'erreur  introduite  en  1'assimilant  a  in  corps  noir  est  inferieure  3  la  precision  des  me- 
s.'iref . 


Pour  une  deviation  de  I  division,  ncus  avons  une  variation  de  K°  C  de  la  tempS- 
rature  du  bac  au  voisinage  de  la  temperature  T  de  la  mef.  I.a  deviatiog  d'^ije  division  cor¬ 
respond  done  3  une  variation  da  l'Energie  reqee  par  la  thermopile  de  - - .K.  Lon  que 

l'on  vise  alternativemcnt  la  mer  et  le  ciel  une  dEviation  de  n  divisions  'xrrnspo,.d  a  une 
variation  d'Energie 


AW  - 


Ap  q  TJ 
n 


nk 


(9) 


De  6  i  8  zl  9  nous  ob tenons 


AT  -  -  - . (l-c)  AW  «  (l-c)  nk  (10) 

pA  oT 

En  portant  sur  un  graphioue  AT  en  fonction  de  r.  on  de  AW  on  doit  done  trouver  des  droites 
dont  la  pente  va  donner  le  coefficient 


(■-c) 


AT 

nk 


(ID 


(  Sur  la  figure  3  ,  on  a  porle  AT  en  fonction  de  AW  exprime  en  micro  watts  cm"' 

sr  ,  pour  l 'ensemble  des  mesures  du  20  au  23  Fevrier  1969  en  siparant  les  resultats  en 
A  cj(. 
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-  mer  ?«i tfie  :  ver.t  >  22  noevds 

-  mer  peu  a, ."‘nee  :  vent  10  a  12  no°iJs 

-  mer  peu  agitee  :  vent  <  5  uaeuds 

-  culme  plat. 


Le  cos  du  calme  plat  comprend  t.'op  pou  lie  wusuras  pour  conciure.  Saif,  dans  les  3  autres 
cas,  les  points  s'alignen,  reraarquablament  -v-.r  ,'«s  droites  comroe  le  f*vo»t  la  relation 
10  . 

I)e  la  pe\te  de  ces  droites  on  ueduit 

-mer  peu  agitSe,  vent  <  3  noeuds  i  -  c  *>  0,0192 

-  mer  peu  ar.itde,  vent  10  S  12  noeuds  1  -  e  »  0,0167 

-  c-r  sgitde.,  vent  >  22  noeuds  I  -  £  ■»  0,0147 

Pat  ;al»a  plat,  le  petit  nombre  de  Mesures  obtenues  semblerait  donner  I  -  c  de  l'ordre 
dt  0,021.  Ce  coefficient  varie  notableoent  an  foncrion  de  l'dtat  de  la  mer.  En  outre,  il 
aemble  se  confirmer  o',  'e.  voisinage  de  1‘ir.cidence  normals,  i 'cmisaivi tS  de  l'eau  r'ac- 
crolt  lorsqu'elle  e.»t  a,!  -'.  "lar  suite  des  reflexionb  multiple0  1  la  tnrfuce  de  l’eau 
Ref.  5  .  ' 


c/  Calcul  theorique  du  AT  dii  n  l,-)  ; evior. 


Le  coefficient  ( 1  — r )  peut  etre  calcule  thecriqo' men l  a  narl'r  da  formule  8 
si  on  se  fixe  la  temperature  do  la  mer  et  le  rayonnement  1^  du  ciel. 

C’est  ce  que  ncus  avons  fait  ici  pour  one  mer  A  285°  K,  ce  qui  correspond  a  pen  pres  aux 
conditions  de  nos  mesures,  et  pour  divers  modules  de  ciel  que  nous  discutons  en  annt.». 

Nous  avons  pris  le  cas  d’une  reflexion  uarfaitement  specuiaire  sur  une  surface 
plane;  ce  cas  est  dvidemment  ,  .emerr.  fictif,  ma:  s  const:  tue  une  premiere  approximation. 
Le  coefficient  de  reflexion  mouochromatique  nous  a  dtd  communique  par  L.  P0NTIER(  Ref.  6  . 

Nous  avons  obteuu  les  rd3ultuts  suiv,.  ts  : 

-  Ciel  clair  T  axbiante  -  270°  P. .  I  c  -  0,0135 

"  -  285°  ...  1  -  .  -  0,0121 

"  -  30’  K.  i  -  u  -  0,0108 

-  Ciel  couvert  T  ambiante  »  173°  K.l  -  e  -  0,0127 

"  «  285°  K, i  -  e  -  0,011 

"  -  300°  K.l  -  c  -  0,003 

On  constate  que,  sauf  dant  le  cas  d"un  ciel  couvert  avec  une  temperature  ambiante  tres  e- 
levee,  que  nous  n’avons  pas  ren.con.re  au  cours  de  cette  caopagne  de  mesure,  le  coefficient 
1  -  e  varie  peu  avee  le  type  du  ciel  et  a  une  valeur  de  l'ordre  de  0,012. 

On  retrouve  done  bien  theoriquament  une  relation  lineaire  entre  AT  et  AW,  mats 
avec  une  valeur  de  1  -  c  inferieure  5  cello  dfjuite  des  mesures.  Cette  courbe  thecrique  a 
dtd  tracee  sur  la  figure  3  elle  donne  en  fonction  de  AW,  la  correction  AT  A  apporter 
,  aux  mesures.  Pour  un  AW  et  un  etat  dc  mer  donner,  la  difference  d’ordonndes  entre  cette 

courbe  et  la  courbe  txpdrimentale,  represents  le  AT  reel  qui  existe  entre  la  temperature 
de  surface  et  la  temperature  interne;  on  voit  qi'il  est  pratiquemenr  toujours  inferieur 
3  0,25°. 

Les  rdsultats  du  calcul  peuvent  t ‘re  presentes  sous  une  autre  forme  :  sur  la 
figure  A  rn  a  porte  le  AT  do  A  la  reflex,'  ^n  calcule  per  les  forraules  8  et  1C  en 
fonction  dc  la  temperature  de  la  mer  et  pour  lee  aivers  modeve’:  d;  ciel  consic-Sres. 

6/  DISCUSSION  DE.S  RESULTATS 

Le  coefficient  1  -  e  calcule  pour  une  surface  plane  est  dc  l'ordre  de  0,012  a- 
lors  que  le  coefficient  Mesure  varie  entre  0,021  pour  une  mer  calme  ?  0,0147  pour  ur.e  mer 
agitee.  Comment  interpreter  cette  difference? 

i 

a  Pour  le  radioroetre,  les  principales  causes  d'erreur  or.t  ele  discutces  en  detail 


par  P.Y.  DESCKAMPS .  pef.  3  .  Ajoutons  tout  de  meme  que  lea  cesuret  en  mer  tone  moina  ai¬ 
sles  I  effectual'  et  que  d<  nouvelles  causes  d’erreurs  s'ajoutent  aux  erreura  instrumenca- 
les  propreoent  dites.  L'etalonnaje  n'a<'ait  paa  pu  etre  effectul  avec  le  corps  noir  utili¬ 
se  d’hsbitude,  mais  au  moyen  d’un  Ui>.  d'eati  convenablement  agitl.  Ccci  peut  introduire 
une  erreur  de  quelques  centilmes  de  degrls,  maia  cette  erreur  n'affecte  pas  la  pence  des 
droiies  trades  A  la  figure  3  . 

La  thermopile  du  ciel  avail  ete  etelonnie  au  dlbut  de  la  canpagne  maia  avait 
pris  accidentellement  l'humiditl  au  cours  d'une  averse.  II  eat  possible  que  sa  sensibili¬ 
ty  en  ait  Ite  leglrement  modifiee.  Un  etalonnage  fait  aprSs  le  retour  de  la  mission  in- 
diqje  une  baisse  de  sensibilitl  de  l'ordre  de  5/100  ce  qui  eat  encore  acceptable. 

Pour  les  calculs,  ils  ont  effected  A  partir  d'un  coefficient  dt  reflexion  don- 
nl  par  PONTIER,  Ref.  6  .  Ce  coefficient  eat  dlterminl  avec  une  precision  de  l'ordre  de 
5/100,  ce  qui  enf.raine  une  erreur  sur  la  determination  de  e,  de  l'ordre  de  7/100. 

Les  coefficients  de  transmission  des  filtres  des  deux  appareils  ont  Itl  mesures  A  I’&ide 
d'un  specin  PERK1N-ELMER  oodSle  457,  au  retour  de  la  mission  de  Flvrier.  La  precision  de 

cet  apparel  1  eat  de  2  3  3/100  et  nous  avons  trouvfi  des  courbes  absolument  identiques. 

Les  calcuis  sort  effeetuls  3  partir  d'un  modSle  de  ciel  dont  on  a  discutl  en  annexe  1 '  I- 

tablissement.  On  peut  Ividei  -ent  etudier  en  ditail  l'influence  de  la  forme  choisie  sur  le 

s  calculi. 


7/  CONCLUSION 


On  a  retrouve  au  cours  de  cette  campagne  une  temperature  apparente  de  surface 
inflrieure  3  la  temperature  interne,  maia  il  serable  que  la  difference  s'expliquv  pour  une 
o.  -ande  part  par  l'effet  de  rayonnement  du  ciel  reflechi. 

Si  ou  effectue  la  correction  avec  un  coefficient  de  ref!«xion  de  0,012  qui  cor¬ 
respond  thloriqueroent  i  uno  surface  plane  d'etu  pur-o,  on  trouve  qu’il  rcste  '.is  difference 
de  tempi) uiure  entre  la  masse  et  la  surface  qui  cat  au  maximm  de  0,30'  C  par  temps  clair 
et  de  0,0C5°  C  3  0,20°  C  par  temps  cc-vett. 

Pour  expliquer  totcl&ment  la  templrature  plus  iroide  de  surface  par  la  rlflex^on 
du  rayonnement  du  ciel.  il  faudtric  odoettru  ur  coefficient  de  reflexion  variant  de  0,020 
par  calme  plat  3  0,014  par  mer  forteaent  agitee. 

Il  reste  done  pour  conciure  dlfinitivement  3  reprendre  l’ltude  du  coefficient  de 
rltlexion  pour  la  mer  et  ajssi  3  *ttcctuer  plusieurs  slries  de  mesures  sur  difflrentes  pl- 
riodos  de  1 ’annf ?. 

Actuellemenc  nous  pouvons  seuJ.ment  af firmer  que  t’i1  cxlitc  une  couche  froide 
de  surface,  l’ecart  de  temperature  aver  la  masse  est  au  maximum  de  0,3°  C  par  ciel  clair 
et  froid  et  inferieur  en  geneial. 
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ANNEXE  ! 


ItrtHiwgjnt  d'un  modile  6c  ciel 


II  (trait  intAressanc  de  connattre,  en  merae  tamps  qua  le  tempArature  mesurie 
au  radiomitre,  la  spectra  d'Amission  du  ciel.  Ceci  n'eat  p.u  encore  possible  et  nous 
devons  nous  conteutar  d’une  assure  globale  du  rayonnement  d,\  ciel  dans  Is  bande  de  trans- 
mission  du  filtre  utilise  dann  le  radiomitre. 

Four  calculer  le  coefficient  c  difini  par  la  formule 


(,-£X)  W  TX  dX  "  (l_c) 


‘W  Tx  dx 


nous  avons  dS  nous  fixer  uc  peu  arbitrairetaent  dea  modllea  de  ciel  difinissant  I 
nous  les  avons  ajustls  pour  que 


Xs 


<Ix-1xs>  Tx  dx  ■  iw 


AH  Atant  aeaurC  au  moyen  de  la  thermopile  du  ciel. 


0) 

et 

(2) 


Rappels  sur  le  rayonnement  du  ciel 


Les  principales  etudes  relatives  A  1' Amission  du  rayonnement  du  ciel  entre  8  p 
et  20  p  ont  Ate  effectuAes  par  SLOAN  et  COLL  (  7),  OETJEN  et  COLL  (8),  BRUSTET  et  COLL  (9^. 

Tenant  coopte  qualitativement  de  ces  Atudes  nous  avons  bZti  des  modi let  tris 
grossiers,  l'un  pour  ciel  clair.  l'autre  pour  ciel  couvert,  oil  le  seul  paramltre  eat  la 
tempArature  au  sol. 

Pour  un  ciel  clair,  et  une  tempArature  T#  au  sol,  on  a  pris  pour  X  <  7,5  u, 

I^#  *  1^,  Atant  la  luminance  du  corps  ooir  A  la  tempArature  T(.  Cette  zone  correspond 

A  la  tris  forte  absorption  de  la  bande  6,3  p  de  H.O. 

I  MAX  2 

Pour  7,1  |i  <  X  <  9  |i,  1^  •  — ;  Ij^  est  la  luminance  maximalc  du  corps  noir  A  la  tem¬ 
pArature  T  ,  Ceci  correspond  au  dAbut  de  la  fenStre  atmosphArique .  Pour  9  p  <  1  <  10  p, 

IMAX* 

I.  "  :  quoi  qu' Atant  dans  la  fenStre  atmosphArique,  il  faut  tenir  compte  de  I'absorp- 

•  ^  I  MAX 

tion  par  1  ozone.  Pour  10  p  <  X  *  12  u  ,  I.  »  — - —  :  zone  de  fenetre  atmosphArique. 

X  MAX  ® 

Pour  12  u  <  X  <  13,6  u,  ■  — j—  :  f (nitre  atmosphArique  avec  quelques  raies  de  rotation 

de  la  vapeur  d'eau  et  le  dAbut  de  la  bande  d'absorption  de  CO^  A  15  u  et  enfin  pour 
X  >  13,6  ,  :  forte  absorption  atmosphArique  due  A  la  bande  de  rotation  de  la  vapeur 

d'eau  et  A  la  bande  15  u  du  CO,,. 

Pour  un  ciel  couvert,  le  rayonnement  dans  la  fenStre  atmosphArique  provient  essen- 

tiellement  du  nuage  et  non  plushes  haute*  couches  froidcs.  Pour  X  de  8  A  9  p  et  de  10  A 

12  u,  npu^avons  pris  I.  -  — — .  Pour  X  da  9  A  10  u  et  12  A  12,8  p,  nous  avons  pris 

I.  *  — s - .  En  dehorsA,de  ces  valeurs,  I  ■  I 

Xs  3  Xs  X 

Cette  ripartition  spectrals  est  Avidenment  arbitraire  amis  doit  s'approcher  as¬ 
set  bien  de  la  rApertition  rtelle  avec  une  lAgire  surestimation  de  l'influence  de  la  templ- 
rature  dans  la  fenetre  atmosphArique  et  avec  une  sous-estimation  de  l'influence  de  la  con- 
tenanee  en  vapeur  d'eau,  done  de  la  tempArature  pour  zone  de  moyenne  absorption  de  la  va¬ 
peur  d'eau. 

La  figure  7  ,  montre,  pour  diverses  teapAratures  ambiantss,  I  en  fonccion  de  X  pour  les 
modiles  choisis.  * 

II  est  alors  possible  de  tabular,  pour  diverses  tempAratures  ambiantes,  pour  ciel 


m. 


r.ir 
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cleir  ou  couvcrt  at  pour  diverse*  teopdrature*  de  mer.au  moyen  de  la  formule  i  ,  la  dif- 
fdrence  AW  entre  les  Energies  respect ivement  dmises  par  la  mer  et  le  ciel.  Ceci  est  mon- 
trd  1  la  figure  8  . 

La  comparaison  avec  las  quelques  points  expdrimentaux  dont  nous  disposons  semble  indiquer 
I  un  asses  bon  accord  avec  les  calculs,  ce  qui  justifie  an  partie  le  choix  des  modules .  Ce 

choix  ast  d'autre  part  justifid  par  le  fait  que  c  ne  varie  que  leutement  avec  le  ciel  et 
qu'uc  modile  tris  approximate  est  suffisant  pour  le  calculer. 


ANNEXE  2 

Thermopile  du  ciel 


Cette  thermopile  est  fabriqude  par  "KIPP".  Elle  est  conttitude  de  10  couples 
manganine  -  Ccnstantan.  Un  filtre  ayant  exactement  la  name  bande  passante  que  le  filtre 
placf  dans  le  radiomitre  a  drd  utilisd  au  cours  de  la  campagne  de  Fdvrier  1969,  La  figu¬ 
re  5  montre  la  transmission  du  filtre  fonction  de  la  longueur  d'onde.  La  thermopile 
v  <>'  cheap  ae  20*.  un  pau  plus  important  que  le  champ  du  radiomitre  principal  (14*).  Cet- 
*,  ueur  est  la  plus  foible  possible  compatible  avec  les  exigences  de  sensibilitd  de  1' 
app.sreii,  L’encemblc  a  une  constante  de  temps  de  plusieurs  secondes,  du  meme  ordre  que  le 
red.  xnitre.  La  signal  (en  volt)  fourni  par  cette  thermopile  sous  une  impddance  de  20  0 
c*t  anregiatrd  eur  la  seconds  voie  de  I'enregistreur  utilisd  par  le  rauiomitre. 


Stglonnxge  de  la  th-  raapiie 


Lorequs  1c  thermopile  do  ciel,  portde  5  une  temperature  fixe  T<f  viae  la  surfa¬ 
ce  d'un  bee  d'eeu  portd  *  la  tempdracure  de  le  glace  font. «ue ,  elle  reqoit  une  dnergie 


EA  *  ro>  **  (1) 

Dane  cette  formule,  eet  I'dasiaaivtcd  de  la  glace  fond  ante,  1^  eat  la  luminance  mono- 
cbrosuicique  du  corps  noir  i  cette  meme  teapdracure,  est  la  transmission  du  filtre  i 
la  longueur  a'onde  .  Cette  dnergie  re?!*  oat  transformde  en  chaleur  et  provoque  i’appe- 
ition  d'un  signal 


S  -  k  W  +  C 
o  o 


(2) 


Si  on  fait  verier  la  tempdrature  du  bac  d'eau,  la  thermopile  reqoit  une  dnergie 


m. 


O 


O) 


1^  dtent  le  luminance  du  corps  noir  1  1*  tsapdrsture  de  la  masse  d’eau,  Cette  dnergie 
provoque  un  signel 


S 


T 


•  k  WT  ♦  C 


(*) 


Le  veleur  it  WT  -  W  peut  etre  tabulda  en  fonction  de  T;  la  court'*  obtewie  est 
portde  eur  le  figure  6  . 

En  coobinent  2  et  4  ,  on  peut  dcrire 


W 

o 


1 

k 


(ST  '  V 


(5) 


Per. cette  formule,  mesurent  S_  et  S  ,  celculent  W_  et  W  on  en  ddduit  k  expnmd  en  Volt  . 
,,-l  Z  To  To 

W  cm  .sr. 


Au  oours  d'un  premier  Staionnage,  on  a  fait  varier  T  enrre  273°  K  et  303*  K,  et  -->rs  * 
rifiS  la  Constance  de  K  dans  la  fonnule  5  ;  les  points  experimcntaux  representant 
(H„-W  )  obtenus  &  partir  de  S  et  des  mesures,  one  et£  portfs  sur  la  figure  6  . 

A  O 

Nous  avons  choisi  de  travailler  toujours  avec  des  differences  d'energie  (V -V  ) 
plutot  qu'avec  des  valeurs  lfcsolues  (W^),  car  d'assez  faibles  variations  de  la  temp£ratu- 
re  ambiante  T  ,  ddplacent  la  dmite  -  k  W„  +  C,  alors  que  sa  pentc  k  reste  constante. 
L'dtalonnage  to it  neanmoins  etre  rcnouveld  f rdquemment. 


Mesures 


La  mesure  est  effeetoee  suivant  le  mene  principe  que  l'etalonnage  :  la  thermo¬ 
pile  vise  le  ciel  puis  une  reference.  Cette  reference,  nous  avons  tout  nature lleroent 
songe  3  utiliser  la  surface  de  la  mer.  Dans  ce  cas,  la  thermopile  reqoit  one  difference 
d'energie  AW  ■  £(1.-1)^  Ct  <!onne  une  varietion  de  signal  AS  «  k.AW.  Dans  cette 
foruule  1^  est  la° luminance  d'un  coips  noir  3  la  temperature  de  l’eau  et  I  est  la  lumi¬ 
nance  du  ciel.  En  dcrivant  cette  formule,  nous  faisons  1 'approximation  de  considcrer  la 
surface  de  l'eau  comme  un  corps  noir.  Ceci  introduit  une  erreur  de  2/100,  infericure  3 
la  precision  des  mesures. 


34-10 


REFERENCES 


1  DESCHAMPS  P.Y.,  1.EC0MTE  P,  -  R6sultats  de  2  seriea  de  mesures  de  temperature  superfi- 

cielle  de  la  mer  au  moyen  d ' un  radiometre  -  Cahiers  0c6- 
anographiques  (sous  preaae) 

2  COX  C.,  HUNK  W.  -  Measurement  of  the  Roughness  of  the  sea  surface  for  photographs  of 

the  sun's  glitter  -  Jl.  Optique  Society  America  -  Vol.  44  n°  II  p.338 

3  DESCHAMPS  P.Y.  -  Etude  et  realisation  d'un  radiomStre  infrarouge  -  These  n‘  d'ordre  114 

Lille  1968 

4  GONELLA  J.,  MARTIN  J.  -  Centrale  de  mesures  oe£anographiques  -  Vol.  18  3  Mai  1966  - 

Cahiers  oc£anographiques 

5  SAUNDERS  P.H.  -  Radiance  of  sea  and  aky  in  the  infrared  window  800  -  1200  cm  *  -  Jl. 

Optique  Society  America  -  Vol.  58  n*  5  p.645 

6  PONTIER  L.,  DECHAMBENOY  C.  -  Annales  de  G£ophysiques  -  Vol.  21  p.462  1963 

7  SLOAN  R. ,  SHAW  J.H.,  WILLIAM  D.  -  Infrared  emiation  apectrum  of  the  atmosphere  -  Jl. 

Optique  Society  America  -  Vol.  45  n*  6  p.455 

8  OETJEN  R.A.,  BELL  E.E.,  YOUNG  J.t  EISNER  L.  -  Spectral  radiance  of  sky  and  Terrain  at 

Wavelengths  between  I  and  20(K  Jl.  Optique  Society  America  -  Vol. 
50  n*  12  p.I368 

9  BRUSTET  J.M.,  CASAMAYOR  P. ,  DE  LANOUE  P.,  SAPORTE  R.  -  Presentation  de  quelques  tra- 

vaux  de  l'equipe  de  radiometric  (Communication  personnelle) . 
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DISCUSSION  ON  PAPERS  PRESENTED  IN  SESSION  VI 
(Experimental  Results) 


Disouaaion  on  paper  27  t  "Measurements  of  the  spatial  coherence  of  a  loser  beam  propaga¬ 
ting  through  water",  by  S.G,  VABNADO  and  A.H.  LVJRONE  . 

Dr.  A.  WIF.3IN  i  Could  you  give  some  more  details  on  the  physics]  processes  assumed  in  your 
Monte-Carlo  technique  ?  Do  you  assume  small  sphere  inhomogeneities  and  geometrical  optics 
interaction  with  the  spheres  ? 

Dr.  A.H.  LAGRONE  t  The  Monte-Carlo  techniouo  assumes  total  scattering  of  a  photon  in  a 
direction  determined  by  a  scattering  probability  function  . 

The  answer  to  the  sooond  question  is  "no"  for  both  parts  . 

Dr.  X.  PIECH  i  1 )  What  was  the  diameter  of  tho  beam  at  the  pinholes,  where  the  complex 
degree  of  ooherence  was  measured  ? 

2)  Were  any  measure-vents  of  degree  of  coherence  made  at  any  points  outside 

the  beam  ? 

Dr.  A.H.  LAGRONE  *  .  2  mm  (pinholes  were  400 fi  in  diameter) 

2)  No  . 

Discussion  on  paper  30  t  "Bxamen  de  rdsultats  experimental,:  concernant  la  diffusion  Js  la 

lumikre  par  les  eaux  de  roer"  par  *  *  MOREL  . 

Dr.  G.  KUHENBSRG  j  (from  the  magnetic  tape)  I  would  like  to  ask  you  if  you  don't  think 
there  is  differences  in  nature  particles,  relative  refractive  index  of  particles  as  re¬ 
gard  to  clear  ooeanic  areas  where  you  have  not  very  much  particle  material  and  areas  of 
higher  production,  where  you  have  a  high  mass  .  Don't  you  think  that  is  difference  in  the 
scattering  functions  and  in  the  backward-scattering  ? 

Prof.  A.  MOREL  t  La  plupart  des  r<5aultata  qui  ont  At-6  presenters  ?.ci  correspondent,  en  gi- 
n6ral,  A  des  mesures  effectudes  dans  des  eaux  du  Large,  k  1 'exception  de  quelques  mesures 
de  Manche  .  Nous  avens  par  ailleurs  observd  effecuivemcnt  des  differences  notables  sur  des 
eaux  fortement  chargdas  en  apports  terrigknea  ou.  updoiaux  u  Nous  avons  trouvd  deB  diffd- 
rencea  dans  les  eaux  k  la  sortie  d'un  fleuve  ou  duns  les  Bahamas  sounds  .  Par  contre,  en 
Manche  h  condition  de  ne  pas  prendre  de  prdl&veraents  k  la  plage,  mais  un  peu  au  large, 
curieusemcnt,  nous  trouvons  quo  1' indicator  ioe  est  quand  mfime  tres  aemblable  k  celle  que 
nous  trouvons  dans  les  oedans  ou verts  .  Nous  somnes  nous  mimes  trfes  surpris  de  ce  rdsul- 
tat  .  II  serable  que  le  a e jour  des  particules  dans  l'oau  ait  tends nee  k  uniformiser  1' en¬ 
semble  de  la  population  dea  p.-rticules  en  suspension,  qui  ont  finalemcnt  k  peu  prks  la 
mire  distribution  de  taille  et  f inclement  a  peu  prfeo  I03  mimes  indices  .Quand  nous  pat’lons 
d'indicatrice  moyenne,  pour  une  longueur  d'*onde  donnde,  ou  quand  nous  parlons  d'une  inva¬ 
riance  de  forme  lorsque  la  longueur  d'onde  varle,  nous  n'expoaonB  que  des  lois  de  premiere 
approximation  * 

Dr.  A.  WlhGIN  j  Esct-oe  que  vous  avez  dtudid  la  polarisation  de  la  diffusion  ? 

Prof.  A.  MOREL  t  (extrait  du  ruban  magndtiquo)  Je  n'ai  pas  prdsente  d'indicatrice  en  lu- 
mikre  polarisde,  mais  dea  mesures  ont  etd  faites  entre  30°  et  150°  des  aeux  composantes 
vertical®  et  horizontale  de  la  lumikrc  diffusde  •  Le  rdsultat  est  le  sui’emt  :  Le  delta 
"polarization  effect"  oat  minimal  au  voisinago  de  90°  ou  100°  .  II  est  de  l'ordre  de  15£ 
en  ce  qui  concerne  les  particules  .  Le  rapport  varie  suivant  1' importance  de  la  diffusion 
mol4culalre  dans  l'^chantillon  . 

Cette  depolarisation  croit  fortement  vers  30°  ok  la  lumikre  est  complktement  depolarise®  . 
Le  delta  est  egal  k  environ  80?«  . 

La  courbe  de  delta  en  fonction  de  1'angle  est  relativenent  syii^trique  par  rapport  k  100°  . 

Discussion  on  paper  32  t "Observations  of  light  scattering  in  different  water  masses",  by 

G.  KULLENBERG  . 

Prof.  A-  IVAN0FF  »  Some  years  ago  our  knowledge  on  . he  volume  scattering  function  was  very 
poor  indeed,  but  increase  tremendously  during  the  last  years  •  Your  results  enow  that  the 
particles  scattering  function  may  vary  from  one  water  to  another  one  and  varies  greatly 
especially  in  the  Baltic  •  We  have  f-vrnd  more  or  le3s  the  same  volume  scattering  function 
in  older  water  . 
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Dr.  0.  KU11ENBERG  t  If  I  oompare  two  extremely  areas  the  Sargass  sea  and  the  Baltic,  the 
difference  is  not  so  much  on  the  shape  of  the  scattering  function  but  probably  on  the  in¬ 
tensity  '• 

Prof  •  A.  MORE!  j  On  constate  que  la  courbe  N6  5  oui  concerns  l'indicatrice  des  particules 
pour  la  mer  des  Sargassos  est  trfes  nettement  differente  des  autres  (N°  1,  2,  3  et  4),  en 
particulie  -  pour  la  partie  arrifere 

Est-ce-que  voua  ne  pauses  pas  que  ayant  retranchd  la  diffusion  mol^culaire  h  une  valeur 
observes  petite  la  difference  apparente  entre  les  courbes  est  simplement  &Cle  h  l'erreur 
exp^rimentale 

Dr.  G.  KULLENBERG  t  I  don't  think  its  only  experimental  .  I  think  because  these  very  dif¬ 
ferent  water  masses  you  are  due  to  expeot  different  intensities  in  light  scattering  .  Of 
course  there  is  a  danger  in  subjecting  the  relative  scattering  in  this  case  '•  I  definitly 
think  that  the  different  partiole  distributions  and  different  major  particles  you  have 
in  Sargass  Sea  and  in  the  Baltio  will  affect  the  scattering  intensity  and  in  some  way  the 
form  of  the  function 


Discussion  on  paper  33  t  "Mesure  d9  la  temperature  de  surface  de  1' ocean  au  moyen  d'un 
radiom&tre  infrarovge'*,  par  P.Y  Deschamps,  P.  leoomte,  et  J'„C.  Vanhoutte  . 


Dr.  S,  DONATI  t  What  is  the  reason  for  the  choice  of  the  8-14  /^-window  for  the  tempera¬ 
ture  measurement,  and  not  of,  for  ex.,  the  2  -  5 /^region  where  the  most  thermographic 
equipement  operate  ? 

Dr.  P.  LEOMTE  i  (extrait  du  ruban  magnetique)  En  fait,  nous  avons  ohoisi  la  fenfitro  at- 
mospherique  parce  que  nous  avons  voulu  rester  dans  une  zone  dans  laqielle  ll  y  a  beaucoup 
d»energie  .  On  aurait  pu  travailler  h  une  longueur  d'onde  plu3  faible  ;  mais  alors  il  au- 
rait  fallu  develcpper  une  technique  de  detection  pour  laquelle  nous  n'etions  pas  encore 
dquipds  .  Pour  nous  c'^tait  une  question  de  technologic  . 

Dr.  J.  ALBRECHT  j  Referring  to  the  general  field  dealt  with  in  this  paper,  some  more  in¬ 
formation  may  perhaps  be  obtained  from  "radiation  balance"  investigations  conducted  by 
atmospheric  research  workers  for  the  last  four  decades  <  This  resuios  in  two  questions  . 

1)  Refering  to  the  recordings  showing  sky  temperature  and  sea  surface  temperature,  has 
any  analysis  beenflone  on  correlation  characteristics  related  to  the  fine  structure  and 
cloud  density  effects  ? 

2)  The  response  time  of  the  equipment  should  certainly  limit  the  usefulness  of  results 
obtained  with  agitated  sea 

Dr.  P.  LECCMTE  t  (extrait  du  ruban  magnetique) 

1)  les  rdsultats  prdsentds  eont  relativement  anciens  .  Aprfes  avoir  eu  pas  mal  d' ennuis 
techniques  dds  aux  tempfitea,  nous  avons  arrfitd  la  sdrie  des  me euros  .  Cependant  nous  avons 
recueilli  une  masse  de  6000  h  7000  manures .qui  sont  transorites  sur  bande  perforce,  en  vue 
de  leur  analyse  statistique  complete  .  Malheureusement  les  paramfetres  dont  nous  disposions 
sont  l  le  rayonnement  du  ciel,  la  temperature  apparente  de  surface,  la  temperature  rielle 
de  surface,  l'humidit<S  et  la  temperature  de  1' atmosphere  . 

Pour  les  resultats  que  nous  avons  ddpouiU^B  de  fa? on  vraiment  systdmatique  h  l'aide  d'un 
ordinateur,  la  seule  correlation  que  l'on  ait  trouvde  concerne  le  A  I  et  le  A  V  .  Cette 
correlation  est  relativement  bonne  •  Elle  est  independents  de  la  difference  entre  la 
temperature  de  la  mer  et  la  temperature  de  l'air  .  Elle  est  dgalement  inddpendante  de  • 
l'humiditd  ambiante  .  Elle  ne  depend  qua  de  l'etat  de  la  mer  . 

2)  Votre  seconds  observation  est  valabls  danc  le  cas  des  pbdnomJmes  qui  varient  trfes  ra- 
pidement  .  lea  phdnomfeneB  en  cause  ne  sont  pas  excossivement  rapides  .  Nous  avions  une 
conotante  de  temps  de  l’ordre  de  10  secondes  . 
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Loss  of  Optical  Resolution  in  Sea  Water  by 
Multiple  Small- Angle  Scattering 

Willard  H.  Wells 
Marion  N.  Todd 

Tetra  Tech,  Inc.,  630  North  Rosemead  Blvd. ,  Pasadena,  California  91107 

Abstract 


Multiple  scattering  of  light  by  particles  suspended  in  liquid  can  be  a 
cause  of  degreed  optical  resolution.  This  is  especially  significant  when  the 
particles  are  relatively  large  and  numerous,  but  most  of  the  scattered  power 
is  deflected  through  very  small  angles  owing  to  a  near  match  between  the  re¬ 
fractive  indices  of  the  particles  and  the  medium.  Formulas  which  convert  the 
volume  scattering  function  to  an  image  modulation  transfer  function  have  been 
derived  and  interpreted  for  this  case.  This  conversion  allows  one  to  calculate 
image  degradation  given  the  scattering  properties  of  the  medium.  The  conver¬ 
sion  from  scattering  function  to  optical  transfer  function  is  evaluated  for  one 
published  scattering  function  measured  in  sea  water.  Graphs  of  image  degra¬ 
dation  and  beam  decollimation  are  given. 

The  inverse  transform  is  also  derived  so  that  one  can  calculate  the 
scattering  properties  given  the  loss  of  resolution.  The  latter  is  best  mea¬ 
sured  by  imaging  a  set  of  paralled  bar  patterns  having  a  wide  range  of  spatial 
frequencios.  We  have  built  and  tested  a  scattering  meter  based  on  this  in¬ 
verse  transform.  Preliminary  results  are  presented. 

S0K1AIRE 

La  diffusion  multiple  de  la  luni£re  par  des  particules  en  suspension  dans  un  liquids  pout  Stre 
a  la  base  d’un  aroindrissement  du  pouvoir  separateur,  en  particulier  dans  le  cas  oil  les  particules 
sont  relatirenent  import antes  et  noobreuses,  Crpendant,  la  plus  grande  partie  de  la  puissance  diffuste 
eat  devi6e  suivant  de  tria  faibles  angles ,  car  les  indices  de  refraction  des  particules  et  du  milieu 
sont  trds  proches,  Cn  etablit,  pour  ce  cas,  acs  formulas  de  conversion  de  la  fonction  de  diffusion 
du  volume  en  fonction  de  transfert  de  modulation  de  1' image. 

Cette  conversion  permet  de  calculer  les  propriStes  diffusuntes  si  l'on  connatt  la  perte  de 
pouvoir  sSparateur,  La  meilleure  fa; on  de  mesurer  ce  dernier  eonsiste  d  tracer  un  group?  de  dessins 
represent ant  des  barres  parallels!  poss6dant  une  gamma  itendue  de  frequences  spatiales. 

La  conversion  de  la  fonction  de  diffusion  en  fonction  de  transfert  optique  est  interpr6t6e  en 
g£n6ral  et  6  values  pour  une  fonction  de  diffusion  nesur£e  dans  l'eau  de  mer  et  ay  ant  fait  I'o'ojet 
d'une  publication. 

Les  rlsultats  numeriques  sont  compares  aux  assures  d' images  publieos,  et  on  fmsstt  des  graphiques  qui 
sont  relatifs  a  l'6t ala-ient  du  faisceau  ou  i  la  decollimation.  lit  sont  pressntes  en  fonction  de  la 
distance  sur  le  faisceau. 
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When  particles  having  dimensions  larger  than  optical  wavelengths  are  suspended  in  a  liquid  that 
almost  matches  the  refractive  index  of  the  particles,  then  the  distribution  of  scattered  light  peaks  very 
strongly  in  the  forward  direction.  In  these  cases  some  of  the  rays  which  scatter  in  passage  between  an 
object  and  its  image  are  still  useful  in  image  formation,  although  with  degraded  resolution.  The  ex¬ 
ample  of  interest  here  is  scattering  by  transparent  organisms  in  natural  waters,  in  which  case  the  re¬ 
fractive  indices  nearly  match,  because  the  organisms  consist  mainly  of  water  and  organic  matter  of 
similar  density. 

The  multiple  scattering  theory  of  this  case  is  treated  in  Reference  (1).  This  theory  does  not 
derive  the  angular  distribution  of  scattered  light  for  a  class  of  particles,  but  rather  regards  the  dis¬ 
tribution  as  a  given  (measured  or  derived)  function  and  applies  multiple  scattering  theory  in  a  form 
that  yields  an  optical  transfer  function  for  images.  The  inverse  transform  is  also  given.  The  latter 
provides  a  means  of  measuring  basic  scattering  processes  indirectly  by  measuring  the  loss  of  reso¬ 
lution  in  images  of  bar  patterns. 

Review  of  Basic  Theory  _ 

The  light  scattering  properties  of  water  are  usually  expressed  as  a  volume  scattering  function 
(VSF),  0(0).  The  VSF  gives  the  fraction  of  the  power  in  a  beam  that  is  scattered  by  angle  0  per  stera- 
dian  per  unit  length  along  the  beam.  Improved  instrumentation  (smzll-angle-ucattering  meter  built 
by  Visibility  Lab. ,  Scripps  Institute  of  Oceanography  under  Contract  N62269-3097,  NADC. )  has  re¬ 
cently  extended  the  measurement  of  small-angle  scattering  to  angles  as  small  as  0.  2°.  Such  data 
significantly  improve  extrapolations  of  the  VSF  to  zero  angle  and  allow  more  accurate  predictions  of 
the  loss  of  angular  resolution  as  a  result  of  multiple  scatter. 

Loss  of  resolution  is  best  expressed  by  the  point  spread  function  or  its  Fourier  transform, 
the  modulation  transfer  function  (MTF).  This  paper  uses  the  latter  with  notation  F  (*  ,  R).  The  precise 
meaning  of  this  function  is  best  explained  with  the  aid  oi  a  hypothetical  plane  target  oriented  perpendi¬ 
cular  to  a  line-of-sight  from  an  observer  at  range  R.  The  target  has  black-grey-white  linear  stripes, 
so  that  the  diffuse  reflectance  of  the  target  varies  sinusoidally  at  the  spatial  frequency  v  ,  i.  e. ,  v  is 
the  number  of  black-white  pairs  per  meter, Reference  (2).  The  function  F  (*  ,  R)  measures  the  attenua¬ 
tion  of  the  angular  frequency  t-  vR  (cycles  per  radian)  relative  to  the  attenuation  of  a  uniformly  white 
target.  That  is.  F  is  the  ratio  of  two  attenuations  observed  as  a  function  of  range,  the  attenuation  of 
the  sinusoidal  component  of  apparent  target  radiance  divided  by  that  of  the  uniform  component. 

In  the  small-angle  approximation  (sin  8«stan  9  a  0,  etc.  ),  the  theory  of  the  MTF  permits  the 
result  of  all  orders  of  multiple  scattering  to  be  expressed  in  closed  form  as  given  in  Reference  (1). 

The  explicit  results  are 


where 


F  (*,  R)  =  exp  (JQU)  -  ot]  R|  , 

(1) 

Q  (*)  =  2nj^  u  (0)  JQ  (2rr*  ?  )d0. 

(2) 

u  (p)  =  Jg  o  (t)  dt,  and 

(3) 

rO  f  © 

=  J0  o(0)  du,=  2n  Jq  c(0!  sin  edp. 

(4) 

Eq.  (4)  expresses  the  total  small-angle  scattering  constant  ot  a»  the  integral  of  the  V5F  over  the 
solid  angle  (duj)  up  to  a  limit  (o)  defined  by  a  cone  of  half-angle  0.  The  limit  O  is  the  maximum 
acceptance  angle  of  the  optics  (or  other  limit  as  discussed  in  Reference  (1)).  The  constant  c*  is 
the  fraction  of  power  scattered  at  all  small  angles  (<  6)  per  unit  length  along  a  light  beam.  Eq.  (1) 
can  be  multiplied  by  xt-*|f-aR).  where  a  is  the  attenuation  constant  (absorption  and  large  angle  scat¬ 
tering).  This  would  convert  relative  attenuation  of  the  spatial  frequencies  to  absolute  attenuation. 
This  separation  of  exp  (-a  R)  is  possible  because  all  rays  have  the  same  length  in  the  small-angle 
approximation. 


The  transformation  defined  by  Eqs.  (1)  through  (3)  has  a  wide  range  of  validity  within  the  small- 
angle  restriction  already  discussed.  The  VSF  is  unrestricted  with  regard  to  microscopic  (unresol- 
vable)  correlations  and  particle  interactions.  The  medium  is  assumed  homogeneous  and  the  particles 
without  preferential  alignment  (unless  it  is  along  an  axis  paralled  to  the  line-of-sight).  Finally,  the 
derivation  of  the  transformation  calculates  the  MTF  as  though  the  image  were  in  best  focus,  which 
may  differ  significantly  from  focus  at  infinity.  That  is,  of  all  the  rays  that  emerge  from  the  scat¬ 
tering  medium,  we  have  combined  the  intensities  of  those  that  appear  to  radiate  from  the  same  point 
in  the  blurred  source  distribution,  not  those  rays  tliat  emerge  parallel,  nor  those  that  strike  a  plane 
at  the  same  position.  An  exception  is  the  case  of  an  object  at  infinity  viewed  through  a  slab  of  scat¬ 
tering  medium.  In  this  case  rays  from  the  same  apparent  source  do  arrive  parallel. 
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Interpretation 

The  interpretation  of  Eqs.  ( 1 ),  (2i,  and  (3)  io  straightforward.  Q  ($)  is  a  monotomcally  decreas¬ 
ing  function, 


Lim  Q  ($)  =  0. 

$  CP 

Also  in  the  high  frequency  limit  the  MTF  expresses  the  simple  exponential  decay  of  the  unscattered 
beam'. 


Lim  F  (t ,  R)  -  exp  (-0,  R). 

if  *4  00 


This  limit  indicates  that  all  scattered  light  is  lost,  insofar  as  the  imaging  of  the  finest  detail  is  con¬ 
cerned.  The  factor  exp  (QR)  restores  some  of  the  scattered  power,  namely  that  part  which  is  useful 
in  imaging  lower  spatial  frequencies  Consider  again  the  hypothetical  target  with  sinusoidal  stripes. 
The  exp  (QR)  factor  indicates  that  some  of  the  scattered  power  is  not  lost,  namely  the  portion  scattered 
through  an  angle  that  is  too  small  to  blur  the  stripes.  In  the  limit  of  zero  frequency,  all  of  the  power 
is  restored,  i.  e. , 

F(O.R)  =  1. 

whi  ch  follows  from 

Lim  Q  (f )  =  s  , 

*-♦  0  1 


which  can  be  proven.  This  limit  merely  restates  the  fact  that  our  MTF  is  normalized  to  one  at  zero 
frequency. 


The  modulation  transfer  function  at  any  fixed  range  will  always  approach  the  value  exp  i-s^R) 
is  the  limit  of  high  frequency.  This  of  course  represents  a  portion  of  the  light  that  has  not  beer1 
scattered  at  all,  i.  e.  rays  which  by  chance  miss  all  the  discrete  scatterers.  These  unscattered 
rays  always  exist  in  scattering  systems  that  have  finite  total  scattering  cross-3ections,  even  though  the 
differential  cross-section  may  have  an  integrable  singularity.  The  non-zero  limit  of  the  MTF  corres¬ 
ponds  to  a  delta  function  at  the  center  of  the  point  spread  function.  In  any  real  optics  or  transparent 
medium  the  delta  function  must  have  a  finite  width,  and  the  MTF  will  drop  to  zero  at  the  corresponding 
spatial  frequency.  But  this  is  due  to  phenomena  having  an  infinite  total  cross-section,  which  means 
that  every  ray  scatters  at  least  once.  For  example,  optical  imperfections  and  turbulent  non-unifor¬ 
mities  in  fluid  media  give  rise  to  infinite  scattering  cross-sections.  In  a  full  analysis  of  any  real 
imaging  system,  the  MTF  for  these  phenomena  multiplies  the  scattering  MTF  to  give  a  resultant 
MTF  that  decays  to  zero  in  the  high  frequency  limit. 

Eq.  (1)  is  easily  generalized  to  give  the  MTF  of  a  scattering  slab,  i.e. ,  a  scattering  medium 
that  begins  at  a  distance  Rj  from  the  target  and  ends  at  R2  >Rj.  In  this  more  general  case  Eq.  (1) 
is  replaced  by 

F(v,  Rr  Rz)  =  exp  (R2  -  Rj)  +  R?Q(vR2)  -  R,Q(vRj)  |  (5) 


The  following  .wo  analytic  forms  (and  linear  combinations  of  them)  are  convenient  for  fitting 
a  '6)  for  transformation  to  Q. 
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Conve~sion  factors  tt/180  for  9  (and  T)  it.  degrees  and  i  in  cycles/rad.  are  shown  explicitly,  so  they 
can  be  easily  changed  for  other  units. 


Evaluation  ol  MTF  with  an  Experimental  VSF 

Reference  (1)  evaluates  F  (4,  R)  for  a  set  of  experimental  VSF  data  taken  by  Morrison  (Refer¬ 
ence  3)  in  sea  water  near  the  surface  at  Argus  Island  near  Bermuda  on  22  August  1966  with  the  Scripps 
small-antiis-scattering  meter.  The  water  temperature  was  28°C,  salinity  36.  3  to  36.  4%,  absorption 
length  2f  meters  (=l/a).  There  is  some  discrepancy  in  estimates  of  ihe  scattering  length  (l/ot  -5.0 
to  5.  6  rr- )  and  the  attenuation  length  (l/a=(ct  +  a).*. 

Peeall  Eq.  (1)  and  the  function  Q  (♦)  which  acts  as  a  negative  attenuation  constant  to  restore 
sc&'.trr-.d  power  at  low  frequency.  This  function  calculated  by  Eq.  (2)  is  shown  in  Fig.  (1).  For  the 
’'Tiume-ical"  curve,  the  Hankel  transform  was  performed  numerically  using  a  graphical  fit  to  the  ex¬ 
perimental  data  for  9  -*  0.  The  "analytic"  curve  was  added  for  two  reasons.  The  first  is  to  s)iow  the 
effect  of  a  different  extrapolation  law,  within  the  experimental  uncertainty,  namely  c  (P)  „  c  **•  « 

This  accounts  for  most  of  the  discrepancy  between  the  two  curves  at  high  angular  f.  equency  where  the 
analytic  fit  or  6  -1.4  js  probably  the  better  of  the  two.  The  second  reason  for  the  analytic  case  was  to 
show  that  the  dependence  on  a  computer  is  not  essential  for  calculating  MTF.  Fig.  (Z)  shows  experi¬ 
mental  points  fitted  to 
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o  (9)  « 
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i.  e.  two  terms  of  the  form  of  Eq.  (6)  and  none  of  the  form  Eq.  (7).  This  function  goes  negative  beyond 
6=  22°,  as  no  physical  dean,  which  accounts  for  most  of  the  discrepancy  between  the  curves  of  Fig.  (1) 
at  low  frequency,  where  the  "numerical"  is  the  better  of  the  two.  (More  terms  in  Eq.  (8)  for  a  better 
fit  at  larse  angles  would  eliminate  this  discrepancy). 


Fig.  (3)  shows  the  same  results  exc  _>t  that  o  -  Q  is  plotted  on  a  linear  scale.  This  ordinate 
is  not  the  MTF,  but  may  be  converted  to  it  by  the  expression  F  =  exp  (-R  X  ordinate).  For  example, 
a  sinusoidal  target  with  1.47  cycles  per  meter  observed  at  a  range  of  10  meters  would  have  14.  7 
cycles  per  rad;an.  The  relative  attenuation  of  this  frequency  at  this  range  is  exp  (-0.  1  x  10)  =  e'1 
from  the  numerical  curve. 


Fig.  (4)  shows  the  decellimation  of  an  initially  collimated  beam  as  it  passes  through  the  water. 
We  can  represent  this  case  in  our  imaging  formalism  by  taking  the  point  object  that  be  at  ®  ,  but  the 
scatterers  are  situated  in  a  finite  slab  of  width  w.  We  obtained  these  decollimation  distributions 
by  performing  a  numerical  Fourier  transform  to  convert  the  MTF  to  a  point- spread  function,  which  for 
a  source  at  »ib  the  angular  distribution  function.  The  MTF  is 

F  {(< ,  w)  =  exp  {[Q  U)  -  o  t  } 

which  follows  from  Eq.  (5)  when  RJ?R  -*  ®while  R  -  R.  =  w.  Note  that  Fig.  (4)  gives  the  angular 
spread  of  rays  at  distance  w  along  a  collimated  beAn,  not  the  lateral  displacement  of  rays  from  one 
another.  Also  note  that  the  curves  are  integrated  angular  distribution,  e.  g.  the  50%  curve  shows 
the  angle  (as  a  function  of  w)  which  encloses  half  tne  power  in  the  beam.  This  curve  clings  to  the  w 
axis  for  some  distance,  because  the  light  travels  a  ways  before  half  has  been  scattered  through  any 
angle. 

Inverse  Transformation 


The  transformation  from  MTF  to  VSF  is  easily  derived  by  using  Hankel  transform  theory  to 
invcr*  Eq.  2.  The  result  is 

u(9)  -  2r  o  J  >;•  Q  (().To  (2  v  r.  *  )  d-  . 


The  expression  for  the  complete  transformation  from  F(v,  R)  to  s  (9)  then  becomes 


s  (p)  =  "2rjp0  (e  j;  [>F<*.  R) 

-  In  F (or,  R)]  JQ  (2net)d«]  . 


(9) 


This  expression  can  be  useful  in  correcting  the  results  of  measurements  taken  with  a  small-angle- 
scattering  meter.  The  problem  is  that  any  specimen  of  a  scattering  medium  has  a  finite  length  in 
which  some  multiple  scattering  occurs,  but  the  VSF  and  the  basic  scattering  properties  of  the  particles 
are  defined  ir  the  limit  of  a  thin  slab  specimen  in  which  multiple  scattering  vanishes. 


Note  that  the  e:  "stence  of  the  MTF  -♦  VSF  transformation  opens  the  possibility  of  measuring 
small  angle  VSF  's  indirectly  by  the  relatively  simple  technique  of  scanning  images  of  test  patterns 
that  consist  of  black  and  white  stripes  viewed  through  a  specimen  of  scattering  medium.  The  pat'ern 
would  include  a  wide  spectrum  of  spatial  frequences.  Coltman  (Reference  2)  has  shown  how  resolu¬ 
tion  measurements  taken  with  ordinary  black  and  white  stripes  can  be  corrected  to  achieve  the  same 
result  as  if  they  were  taken  with  sinusoidally  graded  stripes.  The  latter  provides  a  direct  measure 
of  the  MTF.  Eq.  (9)  then  gives  the  final  conversion  to  the  VSF.  Recall  that  the  VSF  is  the  more  fun¬ 
damental  quantity  since  it  does  not  depend  on  the  experimental  geometry,  i.  e.  ,  on  R,  or  more  likely 
Rj  and  R,  if  a  scattering  specimen  is  bounded  on  both  ends.  Thus  the  indirect  measure  suggests  a 
good  consistancy  check  to  track  down  sources  of  error;  viz.  take  data  with  more  than  one  set  of  Rj 
and  R^  values  and  see  if  they  transform  to  the  same  VSF  within  the  expected  limits  of  error. 

Instrumentation 


We  designed  and  built  an  ;  .strument  to  measure  VSF  indirectly  through  MTF  as  discussed  above. 

It  measures  the  square-wave  modulation  transfer  function,  of  a  one  meter  water  sample  in-situ.  A 
schematic  diagram  of  the  instrument  is  given  in  Fig.  (5)  and  the  instrument  which  we  delivered  to 
the  U.  S.  Naval  Undersea  Research  and  Development  Center  is  shown  in  Fig.  (6).  As  Fig.  (5)  shows, 
it  is  divided  into  two  pressure  housings  separated  by  the  one  meter  sample  cell.  One  housing 
contains  the  light  source,  the  optical  filter,  the  MTF  pattern,  the  scan  motor  and  collimator.  The  other 
pressure  housing  contains  the  camera  lens,  the  analysis  slit,  the  photomultiplier  detector  and  its 
power  supply.  Although  it  is  not  necessary  to  have  a  collimated  beam  in  the  sample  cell,  we  included 
collimation  to  eliminate  any  depcndance  of  the  MTF  on  the  refractive  index  of  the  sample  medium. 

Both  housings  connect  to  the  control  electronics  and  oscilloscope  "top  side",  l.  e.  out  of  the 
water,  through  the  high  pressure  penetreters  and  the  water  proof  cables.  The  top  side  electronics 
contains  the  low  voltage  power  supplies  and  controls  tor  the  lamp  intensity  and  photomultiplier  gam 
and  motor  power.  The  output  of  the  photomultiplier  is  fed  directly  t<  the  verticle  channel  of  the  os¬ 
cilloscope.  The  sweep  of  the  oscilloscope  is  triggered  by  a  sweep  trigger  detector  which  senses  the 
beginning  of  a  MTF  sweep. 
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Frequencies  scanned  by  the  square  wave  pattern  are  from  0.  11  cycles  per  radian  to  8.  2  x  10 
cycles  per  radian.  The  frequency  varies  as 

-0.  035 


f 


f  .  e 
n-1 


where  f  and  f  .  are  the  angular  frequencies  of  the  nth  and  (n-l)st  bar  in  the  MTF  test  pattern.  The 
square  &ave  pSttern  was  generated  as  a  circumferential  pattern  of  transparent  bars  on  a  black  back¬ 
ground  os  can  be  seen  in  Fig.  (7).  The  MTF  pattern  which  contains  90  cycles,  (one  clear  and  one  opaque 
space)  occupies  the  full  circumference  at  a  radius  of  38mm.  For  an  analysis  slit  height  of  2mm  the  an¬ 
gular  frequency  error  is  only  five  percent  at  all  measured  frequencies.  The  analysis  slit  is  one  of  four 
transparent  slits  on  an  opaque  background.  The  slit  widths  available  are  3  x  10-4,  1  0“'*,  3  xl0"5  and 
10-5  radian,  wide.  The  system  MTF  without  water  was  maximum  for  a  slit  width  of  3x  10"'  radian  so 
this  slit  was  used  in  all  measurements  made  in  the  laboratory. 


Figure  (8)  contains  sample  data  run  on  the  MTF  meter  made  for  the  U.  S.  Naval  Undersea  Research 
and  Development  Center.  The  first  column  was  run  in  air  and  subsequent  columns  are  run  in  tap  water 
and  various  mixtures  of  spunk  water  (green  water  taken  from  a  fish  pond,  not  from  a  hollow  stump  in 
the  grave  yard  as  in  Reference  (It)).  From  the  data  it  can  be  seen  that  there  is  no  degradation  in  the 
MTF  due  to  the  refractive  ind-ix  or  the  suspended  matterin  Los  Angeles  tap  water.  The  pond  water, 
which  is  relatively  clear,  shows  a  marked  amount  of  scatter  at  small  angles  as  is  evident  in  the  data 
samples.  The  synchronous  scan  motor  takes  1.66  seconds  per  revolution.  This  means  that  the  con¬ 
version  factor  from  time  scale  to  angular  scale  is  3.  8  radian/sec.  The  top  photograph  in  each  column 
of  Fig.  (8)  shows  the  complete  MTF  scar..  Subsequent  traces  were  made  by  using  the  oscilliscope  sweep 
delay  to  expand  the  scan  at  its  high  frequency  end. 

Note  t..at  the  traces  have  an  upward  tail  at  the  high  frequency  end  of  the  trace.  This  resulted 
from  the  fact  that  the  minimum  bar  width  obtainable  from  our  reticle  manufacturing  technique  was 
0.  03mm.  for  reliable  reproductio  i.  When  the  bar  width  reached  this  dimension  it  was  held  constant 
to  the  end  of  the  trace,  Consequently  the  average  transmission  instead  of  approaching  50%  in  the  limit 
approaches  25%  (for  a  bar  width  of  0.  030  mm  and  a  line  width  of  0.  010mm). 
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ifr  * vR  *  ANGULAR  FREQUENCY  (CYCLES  PER  RADIAN) 


Figure  ('»)  Exponential  decay  constant  expressing  the  decay  of  angular  frequencies 

in  the  field  of  view,  relative  to  zero  frequency.  Only  the  effect  of  small- 
angle  scatter  is  considered  here.  The  modulation  transfer  function 
=  exp  (-R  x ordinate). 


Figure  (4)  Integrated  angular  distribution  of  scattered  rays  gives  the  angle  which 
encloses  the  indicated  percentage  of  the  power  as  a  function  of  distance 
in  scattering  lengths.  One  scattering  length  7,  7  meters  for  the  technique 
used  in  this  figure  for  extrapolating  experimental  data  for  very  small 
angle  scattering.  Attenuation  length  is  shorter,  about  4  to  6;  meters. 
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THE  THEORY  OF  LIGHT  SCATTERING 
IN  THE  SEA 

Frank  Chilton 
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and 

Vf.h.  Talley  and  D.D.  Jones 
University  of  California 
Davis,  California 

SUMMARY 


Light  la  scattered  in  the  underwater  environment  by  particles  and 
turbulence.  This  scattering  causes  a  background  radiance  at  the 
detector  and  a  substantial  loss  of  resolution  over  any  distance. 
Absorption  strongly  attenuates  the  radiance  at  a  distance. 

We  have  developed  a  general,  potentially  complete,  model  of 
underwater  visibility  based  on  a  semlanalytic  Monto  Carlo  computa¬ 
tion  using  phenomenological  volume  scattering  functions.  A  theoreti¬ 
cally  basod  paramecrlzaticn  of  the  volume  scattering  function  provides 
a  snape  fit  by  only  two  parameters,  but  capable  of  describing  both 
turbulence  and  particles. 

Because  there  was  a  dearth  of  experimental  information  available, 
the  behavior  of  resolution  for  different  parameter  values  was  studied 
systematically.  A  general  lew  or  scaling  rule  for  resolution  was 
found. 
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THE  THEORY  OF  LIGHT  SCATTERING  IN  THE  SEA 


WHY  MODEL  VISIBILITY? 

The  valuo  of  a  complote  (computer)  model  Is  its  ability  to  predict  tho  outcomo  of  an  experiment,  fully 
instrumented  or  otherwise,  Pt  a  t  ducod  time  and  cost  from  hhat  required  for  tho  actual  experiment.  The 
results  can  be  treated  exactly  the  same  as  the  results  of  experiments  to  yield  "laws  ol  na '  to"  or  more 
restricted  prodictions. 

Our  modol  of  undorwater  optical  visibility  doponds  on  two  components.  First,  wo  characterized  the 
single  scattering  of  light  in  a  genorai  way,  consistent  with  both  theory  and  experiment,  but  so  that  local 
or  future  variations  could  be  accommodated.  Socond,  this  modol  of  single  scattering  is  used  In  a  Monte 
Carlo  computation  of  multiple  scattering  to  yield  a  model  of  undersea  visibility.  The  detailed  treatment 
of  the  model  is  the  subject  of  Reference  1. 


SINGLE  SCATTERING 

The  parameters  characterizing  the  radiance  are  the  scattering  length,  s-1;  the  absorption  length,  a”1; 
and  the  attenuation  length,  a-1  -  a-1  -f  s'1 .  In  our  mouel,  it  is  convenient  to  scale  all  dimensions  in  terms 
of  Or-1,  the  moan  free  path  and  to  replace  a  and  s  by  *ho  rolative  parameter  (s'”  '(s-1+a~l).  That  visi¬ 
bility  in  tha  ocean  is  generally  very  poor  is  best  illustrated  by  rioting  that  e>  .  visibility  out  of  the 
ocean  requires  say,  oTl  »  ton  miles.  However,  lr.  the  ocean  visibility  is  considered  good  if  or”1  >  ten 
meters.  A  typical  value  for  £  is  .6  for  the  ocoan.3  Wo  have  used  that  value  in  our  modol  although  there 
is  no  commitment  to  it.  Modification  of  the  valuo  of  £  would  not  change  tho  qualitative  results  at  all 
but  would  change  the  distance  scale  for  quantitative  results. 

The  source  of  scattering  in  seawater  is  small  particulate  organic  and  inorganic  matter  and  that  turbu¬ 
lence  which  alters  the  index  of  refraction  (salinity  ana  temperature).  There  is  a  wide  distribution  of 
tho  sizes  of  the  particulate  matter  and  of  tho  size  parameter  of  the  turbulence.  The  volume  scattering 
function  (or  dlf ferential  cross  section)  is  generally  sharply  peaked  in  the  forward  direction.  As  this 
is  a  result  typical  of  diffraction  about  absorbing  or  translucent  bodies,  it  is  consistent  with  the  fact 
that  a  substantial  fraction  of  tho  particles  or  cells  of  turbulence  are  large  compared  with  optical  wave¬ 
lengths.  In  this  paper,  we  will  use  the  term  ilffraction,  as  in  elementary-particle  physics,  to  designate 
any  scattering  that  is  sharply  peaked  in  tho  forward  direction. 

The  variations  of  particle-size  distribution  and  turbulence  from  one  location  to  another  and  a  general 
lack  of  knowledge  of  shape  or  composition  make  undesirable  a  purely  theoretical  derivation  of  the  volume- 
scattering  function  from  the  formulae  of  Mlo  und  others3-6  for  scattering  from  spheres. 

Our  approach  usod  a  phenomenological  volume-scattering  function,  based  as  firmly  as  possible  on  experi¬ 
mental  measurement*.  However,  the  volume-scattering  function  has  never  been  measured  to  angles  small  enough 
to  be  useful  in  imago  calculations.  It  has  never  been  measured  even  to  angles  small  enough  that  the  radi¬ 
ance  Is  known  with  certainty  to  be  as  much  as  one  tenth  of  the  extrapolated  radlanco  In  the  forward  direc¬ 
tion.  The  difficulty  lies  In  measuring  scattering  to  the  sufficiently  oav.ll  angles  required  pSiO-"*  rad). 
Only  tho  colllmatlon  and  radiance  available  with  the  laser  make  the  experiments  pos3,ble.  Unfortunately, 
since  the  image  is  the  bright  spot  'hat  survives  multiple  scattering,  measurements  of  the  volume-scattering 
function  to  well  within  ehe  half-maximum  radiance  angle  are  necessary  for  precise  calculations  of  imaging. 
This  requirement  of  small  angles  for  meaningful  statements  about  Imaging  is  reinforced  by  the  realization 
that  the  resolution  of  the  eye  and  of  many  optical  instruments  is  of  tho  order  of  10  *  rad.  Measurements 
made  with  worse  resolution  detect  mostly  'blur  photons"  and  few  "imago  photons." 

Excellent  experimental  data  are  available3’8  for  the  voluoo-scattorlng  function  for  angles  greater 
than  1  .  For  smaller  angles,  we  assume  that  diffraction  is  the  dominant  mode,  for  which  a  rather  general 
form  of  tho  volume-scattering  function  is  oxpt-^Kl  -  a)  J,  whire  p  =  cos8.  This  expression  is  character!®'  ic 
of  tho  zeroth  diffraction  maximum  ,n  many  different  situations.  For  examole,  it  precisely  describes  dif¬ 
fraction  phenomena  lr.  high-energy  physics.7  Further,  it  closely  fits  the  black-disk  diffraction  formula 
j  2J^  (kR9)/kR0  j  up  to  the  first  zero,  if  we  set  ls(kR)3/2.  The  models  of  scattering  by  turbulence  de¬ 
scribed  by  ratarskl8  also  have  a  (kf<)2  (1  -  w)/2  dependence  and  a  diffraction  appearance.  In  any  went, 
until  experiment  permits  determination  of  uorc  than  one  parameter  with  precision,  our  parameter  will  pro¬ 
vide  a  good  characterization. 

Nolo  that  wnlle  small-angle  scattering  does  not  dlstlngu’sh  particles  from  turbulence,  the  frequency 
dependence,  radiance  fluctuations,  and  polarization  degradation  are  more  sensitive. 

Tho  volume-scattering  function  we  have  usod  in  the  plcce-wise-contlnjous  function 


37-3 


dF/dfi  =  Cie"T|(1"li)  «  C1  oxp(-1ieZ/2)  (3 <  e)  (1) 

dF/dO  =  Cc2/(l-ji)b](8>s),  (2) 


whore  t)ie  nnglo  c  is  the  dividing  point  between  narrow-  -nd  wide-angle  scattering.  Morrison's  data0  aro 
w  11  flttod  for  p  2  0  by  b  =  1.08.  The  constants  Cj  and  C.,  are  determined  by  requiring  continuity  of 
dF/dO  at  9  =  e  and  by  the  normalization 


/' 


(dF/dn>dn  = 


i 


2rc.  = 


(1  -  oxp[-1)(l  -  cos  e)}  r 

- — ^ - —  +  oxpL-7)(l  -  cos  c)j 

r 


X  (1-  COS  6) 


1  -  C(-  -  cos  e)/2] 

b-1 


(3) 


C2  =  C^(l  -  cos  s)  exp[-1](l  -  cos  e)3  . 
Some  samplo  volume-scattering  functions  aro  shown  In  Figure  1. 


The  obvious  method  of  evaluating  7],  extrapolation  of  the  data  of  Duntley3  and  Morrison®  failed, 
pending  upoi  the  method  of  extrapolation  chosen,  values  of  1)  can  bo  found  ranging  from  102  to  107. 


De- 
Such 

Imprecision  in  an  exponent  is  strong  evidenco  of  the  lack  of  experimental  information  on  small-angle  scat¬ 
tering.  Analysis  of  some  photographs  taken  under  water  by  Duntley  suggests  T)~10®.  Measurements  of  the 
particlo-size  distributions  in  fjord  water9  can  be  interpreted  t’>  give  a  calculated  value  of  T).  Since  dif¬ 
fraction  from  a  sphere  is  much  like  diffraction  from  a  disk  at  sm.il  angles,®’7  we  assume  that  the  scatter¬ 
ing  from  the  particles  will  bo  tho  same  as  from  a  black  disk.  In  this  case,  T)=(kR)S/2,  whero  k  =  2n/\, 
and  R  is  the  radius  of  the  particle.  Averaged  over  tho  particle-size  distribution,  tho  value  obtained  is 
7)  1  X  103. 


Preliminary  measurements  of  small-angle  scattering  in  the  sea  by  R.  Honey,  G.  Sorenson,  and  G.  Gilbert 
of  our  laboratory  have  given  1]  ^  lxlO8  in  several  different  environments.  This  value  has  two  Important 
implications.  First,  it  is  much  larger  than  the  valuo  obtained  from  a  particle  size  distribution.  Koto 
also  that  the  expectation  value  of  1)  would  bo  heavily  weighted  toward  larger  particles,  which  are  easily 
visible  in  tho  size  distribution  measurements.  Second,  this  value  of  11  is  of  the  same  order  as  the  resolu¬ 
tion  of  optical  equipment  (and  tho  human  oyo) .  This  suggests  a  steep  diffraction  peak  that  will  always 
have  measured  1)  values  of  tho  order  of  108. 


The  mechanism  to  account  for  such  high  Tj  values  can  only  be  turbulence.  Particles  that  could  cause 
such  a  high  1)  would  be  obvious. 


In  any  case,  with  our  model  we  have  explored  visibility  for  a  wide  range  in  TJ.  A  more  moanlngful 
parameter  than  c  is  what  we  call  frac,  the  relative  fraction  of  narrow  angle  (<  e)  scatterings.  The  quali¬ 
tative  behavior  of  tho  scattering  distributions  doponds  on  whether  the  scattering  is  narrow  angle-  or  wide 
angle-dominated.  Figure  2  shows  tho  ratio  of  narrow  anglo  to  wide  angle  scattering,  and  figure  2  shows 
frac  for  a  variety  of  values  of  1) 

VISIBILITY  MODEL 


Our  model  was  basod  on  somianalytic  Monte  Carlo  calculation  of  the  multiple  scattering.  Tho  analog 
Monte  Carlo  method  has  the  attractive  feature  of  giving  an  exact  modeling  of  multiple  scattering  of  small 
numbers  of  photons  and  thoroloro  an  oxact  modeling  of  naturo  if  tho  volume  scattering  function  is  correct. 

The  somianalytic  Monto  Carlo  method  is  an  improi  iment  over  the  analog  Monto  Carlo  mothod.  Semiannlytic 
refers  to  our  performing  tho  integrals  over  tho  distance  into  tho  m"',ium  analytically  for  the  first  few 
collisions.  This  makes  tho  first  few  collisions  equivalent  to  a  new  distributed  source  and  improves  com¬ 
putation  time  and  accuracy  for  a  givon  number  of  photon,  ensidorably,  Wo  rogularly  calculated  radiances 
and  angular  distributions  out  to  25  moan  free  paths,  with  a  standard  deviation  of  less  than  5%,  a  prohibi¬ 
tive  task  if  wo  had  boon  using  an  analog  Monto  Carlo  method.  Further,  backscattering  is  included  in  tho 
calculations  with  no  additional  offort  required. 


A  detailed  exposition  of  the  scmianalytlc  Monte  Carle  mothod  in  our  model  is  givon  in  Reference  1, 
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RESULTS 

Radiance.  Tho  radiance  of  light  passing  various  distances  into  soawater  i3  given  in  Figuro  4,  The 
distance  it  given  in  total  mean  free  peths,  .  Radiance  for  sovoral  different  values  of  Tj  for  e=l°  13 
exhibited.  Figure  4  shows  that  tho  more  narrow  anglo-dominatod  tho  scattering  .<  ,  tho  closer  it  tends  to 
e-az.  Also  evident  is  the  fact  that  only  at  great  distances  is  it  possible  to  distinguish  betweon  finito 
1)  and  purely  forward  scattering.  For  example,  at  10  mfp  only  an  ordor  of  magnitude  soparatos  tho  radiance 
caused  by  wide  angle-dominated  scattering  Cj]=103  ,  frac=0.14)  from  that  caused  by  narrow  angle-dominated 
scattering  (1]>  106,frac=l).  Further,  the  radiance  bacomos  insonsitlvo  to  changos  of  7]  for  values  greater 
than  ~106  (frac=l)  and  for  1)  less  than  ~104  (frac=0.25).  As  tho  radianco  continually  docroasos  with  dis¬ 
tance,  the  error  of  measurement  increases.  Honjo,  radianco  meusuromont  alono  is  a  poor  way  to  try  to  de¬ 
termine  any  Information  about  the  details  of  light  scattering  in  soawater.  Conversely,  to  prodict  anything 
other  than  simple  radiance,  as  for  imaging,  knowlodgo  of  tho  narrow  angle  portion  of  tho  scattering  dis¬ 
tribution  is  critical. 

Mean  Angle .  A  strong  desire  to  reduce  our  results  to  some  simple  laws  or  scaling  rules  places  an  em¬ 
phasis  on  the  various  moments  of  the  angular  distribution.  In  particular,  tho  avorago  cosino  p  appears  to 
have  simple  properties  as  a  function  of  distance  into  the  modium. 

For  wide  angle-dominated  scattering,  (I(z)  is  presented  in  Figure  5  for  a  large  range  of  different 
values  of  U  pnd  e=l° .  The  dependence  on  z  is  quite  smooth,  becoming  linear  for  z>3  (after  a  few  colli¬ 
sions)  . 

For  1}>106  (frac=l),  the  scattering  is  completely  narrow  anglo-dominatod.  When  this  occurs,  it  is 
more  convenient  to  plot  1)(l-ji)  as  a  function  of  z,  as  is  done  in  Figuro  6.  Wo  then  find  that  all  curves 
fall  on  the  same  straight  lino.  This  appears  to  be  a  general  property  of  tho  diffraction  type  of  scatter¬ 
ing.  An  analytic  derivation  of  this  result,  with  certain  approximating  assumptions,  is  given  in  Reference  1. 

We  have  tried  computations  in  which  the  wido-anglo  scattering  of  Eq.  (2)  v/as  removed,  l.e.,  £=180°. 

Even  for  T|=102 ,  T1  (1— fl)  vs  z  was  a  straight  lino,  differing  only  slightly  from  the  universal  curve  of  Fig¬ 
uro  6, 

The  above  curves  all  have  tho  unscattcred  flux  included  in  the  angular  distribution.  Because  the 
usual  oceanographic  experiments  on  light  scattering  exclude  tho  unscattorod  beam,  wo  have  examined  this 
situation  also.  Curiously,  removal  of  the  unscattwrod  flux  from  tho  narrow  anglo-dominatod  scattering 
still  produces  a  straight  line  plot  cf  T)(l-il)  vs  z,  but  with  a  different  slope. 

Angular  Distributions.  Tho  angular  distribution  (radianco  flux)  of  the  collimated  beam  is  plotted  in 
Figures  7  and  8.  It  is  obvious  that  tho  mean  cosino,  half  angle,  or  some  similar  parameter  is  a  sensitive 
function  of  T]  and  frac,  much  more  sensitive  than  radiance  alono.  WhlJo  Figuro  7  dramatically  demonstrates 
the  needed  precision  for  angular  measurement ,  it  also  suggests  the  difficulties. 

LAWS  OF  VISIBILITY 

As  is  often  tho  case  witn  Morto  Carlo  calculations  of  complicated  processes,  the  model  is  complicated 
but  tho  rosults  and  implications  nr-  simplo.  Wo  can  interpret  our  results  to  give  laws  or  scaling  rules 
for  undersea  visibility. 

Radiance .  Figuro  4  demonstrates  that  tho  radianco  is  an  exponential  function  of  distance.  This  func¬ 
tional  dopendonco  holds  provided  that  z>3  for  all  volume  scattering  functions  and  appoars  to  apply  for  z>0 
for  narrow  angle-dominated  scattering. 

Tho  value  of  tho  exponent  depends  on  tho  scattering  distribution  but  not  in  a  sensitive  way.  For 
narrow  anglo-dominatod  scattering,  tho  oxponenl  approximates  tho  absorption  parameter,  a. 

Angular  Distribution.  Tho  angular  dopondenco  of  light  scattering  in  the  sea  also  has  a  simplo  func¬ 
tional  depondonco.  Tho  moan  cosino  is  tho  best  way  to  oxpross  it. 

For  tho  narrow  anglo-dominatod  scattering  CI)>105  ,  frac=l)  tho  rule  is  particularly  simplo: 

u(z,1))=l-0.62z/1).  (d) 

Further,  this  rule  appoars  applicable  right  up  to  the  origin. 


Tho  wide  angle-dominated  scattering  is  also  chnrnctoriznblo  by  straight  linos  *n  z,  providing  that 
z>3  (that  is,  nftor  a  few  collisions).  The  oquati'n  for  those  linos  is,  from  Figure  5, 

u(z,T,)^fl.83+4.3xl0'cT|-0.007z, 


for  T)<2.0xl04  (frac 0 .5)  . 


(5) 
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We  know  also  that  angular  distributions  such  as  shown  in  Figures  7  and  8  are  nearly  exponential  in 
terms  of  the  cosine,  at  least  at  small  angles.  For  back  scattered  light,  we  are  not  yet  certain  of  the  de¬ 
pendence.  We  expect  to  investigate  this  point  further. 

Conclusions .  Wo  find  that  the  laws  of  visibility  in  the  sea  have  a  surprisingly  simple  form  consider¬ 
ing  the  complicated  scattering  from  particulate  matter  and  turbulence  that  is  the  cause. 

The  general  form  for  the  rad  >r  o  and  for  measures  of  resolution  such  as  p  have  been  given.  The  be¬ 
havior  of  back  scatter  has  not  oeen  fully  resolved.  These  rules  can  be  used  for  a  wide  variety  of  pre¬ 
dictions  of  undersea  vlsibll*  for  any  situation  that  does  not  depend  on  the  temporal  properties  of  tur¬ 
bulence,  Specific  verslo  jt  our  visibility  laws  will  result  when  more  measurements  have  been  made  of 
volume  scattering  functi  ns  in  the  ocean. 
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Fig. 1  Typical  volume 
scattering  functions. 
All  curves  shown  have 
t  -  1°  =  17.4  rarad. 
The  n  values  are: 

A,  r j  -  105,  B,  r,  - 


2  (mean  free  polhi! 


Fig.  4 


Fig.  5 


Fig.  6 


Radiance  as  a  function  of  distance  for  t  -  1°  =  17.4  mrad  and  different  values  of 
V  and  frac:  A,  r)  =  5  x  104,  frac  =1.0  (this  curve  is  approximately  e*tz)  ; 

B.  7)  =  3  x  104,  frac  =  0. 7G;  C.  tj  =  2  x  104,  frac  =  0.50;  D.  v  =  1  x  104, 

frac  =  0.26;  E.  v  =  1  x  103.  frac  =  0.14 


The  average  cosine  jl  as  a  function  of  distance  for  e  =  1°  =  17.4  mrad  and  several 
values  of  77  and  frac:  A,  i)  «  1  x  103,  frac  =  0.14;  B,  77  =  1  x  104.  frac  =  0.26; 

C,  7,  =  1.5  X  104.  frac  =  0.37;  D,  tj  =  2  x  104,  frac  =  0.50;  E,  77  =  3  x  104. 
frac  =  0.86;  F,  77  =  4  x  104,  frac  =0.92;  G  =  5  x  104.  frac  =  0.98 


The  average  cosine  ~i  for  narrow-angle-dominatcd  scattering  (frac  %  1.0)  is  displayed 
as  7)(i  -/I)  .  The  particular  case  shown  had  t  =  1°  =  17.4  mrad  and  77  ^  1.0  x  105 
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SUMMARY 


Wo  investigate  the  application  of  the  singular  eigenfunction  expansion  technique  to  the  solution 
of  the  underwater  radiative  transport  problem.  The  scalar  transport  equation  is  solved  by  the  singular 
eigenfunction  expansion  technique  for  a  plane  wave  incident  on  a  homogeneous  half  space  characterized 
by  a  highly  anisotropic  scattering  distribution.  An  experimental  sea-water  volume  scattering  function 
is  treated  by  a  high  order  expansion  in  Legendre  polynomials.  Results  for  reflected  radiance  are  pre¬ 
sented  for  a  9th  order  polynomial  fit,  with  undersea  radiance  distribution  given  to  a  5th  order  fit. 

The  preliminary  results  agree  qualitatively  with  experimental  measurements  of  underwater  radiance 
distributions. 

1 .  INTRODUCTION 

The  propagation  of  electromagnetic  radiation  in  the  undersea  environment  has  become  a  topic 
of  considerable  interest.  Detailed  analyses  are  made  difficult  by  the  fact  that  the  undersea 
medium  constitutes  a  random,  optically  thick  medium,  with  highly  anisotropic  scattering  properties. 

Some  success  has  been  obtained  with  similar  propagation  problems  in  other  areas  *«2>3  by  formulation 
in  terms  of  a  radiative  transport  equation.  This  approach,  basically  from  a  flux  conservation 
viewpoint,  can  yield  a  significant  degree  of  physical  insight  and  understanding  to  a  problem,  frequently 
enabling  one  to  draw  conclusions  of  a  more  fundamental  nature  than  otherwise  possible. 

However,  solutions  to  the  radiative  transport  equation  are  quite  difficult.  The  equation 
is  basically  an  integro-differential  equation  containing  a  source  term  expressed  in  terms  of  the 
unknown  radiance  or  flux  distribution.  Attempts  at  solutions  of  the  radiative  transport  equation 
can  generally  be  classified  into  three  types: 

1)  approaches  applicable  to  a  particular  problem  or  set  of  conditions  --  such  as  diffusion  approxi¬ 
mations  or  small  angle  scattering  approximations, 

2)  statistical  techniques  --  such  as  Monte  Carlo,  and 

3)  systematic  approaches  of  an  applied  mathematical  character  with  varying  amounts  of  analysis  -- 
such  as  the  discrete  ordinate  or  the  singular  eigenfunction  expansion  approach. 

Each  of  these  approaches  has  its  advantages  and  disadvantages.  Approaches  tailored  to  a  single 
problem  can  yield  rapid  solutions,  yet  are  difficult  to  general  more  complicated  and  interesting 

situations.  Statistical  techniques  such  as  Monte  Carlo  are  .  is  the  best  way  to  handle  complex 
geometries  and  inhomogeneities,  but  these  techniques  are  difficult  use  for  deductions  of  a  general 
nature,  and  are  also  difficult  to  use  in  regions  where  statistics  are  r  jr  (as  ir.  the  backscatter 
direction  of  a  highly  forward  peaked  scattering  function).  Technioues  such  as  the  singular  eigenfunction 
expansion  approach,  while  promising  and  allowing  physical  deductions  of  a  general  nature,  are,  however, 
somewhat  difficult  to  apply  in  practice  because  of  their  high  degree  of  mathematical  complexity 
and  difficulties  in  developing  the  necessary  numerics. 

It  is  our  feeling  that  this  latter  approach  --  that  of  singular  eigenfunction  expansions  -- 
has  developed  to  the  point  where  it  now  promises  to  be  a  useful  tool  for  undersea  propagation  analyses. 

In  this  papejr  we  thus  consider  undersea  propagation  from  the  viewpoint  of  the  radiative  transport 
equation  formalism,  and  the  singular  eigenfunction  expansion  solution  technique.  We  investigate 
the  usefulness  of  this  approach  by  considering  the  description  of  underwater  radiance  due  to  solar 
illumination.  This  problem  allows  a  test  of  the  eigenfunction  approach  in  predicting  radiance  for 
a  highly  anisotropic  volume  scattering  function  (VSF) ,  as  experimental  underwater  radiance  measurements 
exist  for  comparison.  Since  VSF  measurements  arc  difficult  at  small  angles,  the  program  also  allows 
a  possible  determination  of  effect  of  small-angle  VSF  forms  on  the  radiance  distributions. 

Wc  formulate  this  problem  in  terms  of  the  time- independent  scalar  radiative  trarsport  equation 
with  it  plane  wave  incident  on  a  homogeneous,  anisotropic  scattering  half-space.  The  resulting  equation 
is  analyzed  using  the  singular  eigenfunction  expansion  technique.  ">''8  The  anisotropy  of  the  scattering 
distribution  is  treated  by  a  high  order  expansion  in  Legendre  polynomials.  In  this  manner,  wc  can 
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systematically  investigate  the  effect  of  the  anisotropy.  Similar  problems  are  involved  in  quantitative 
aerial  remote  sensing  of  water  pollution  9.  The  importance  of  transport  phenomena  to  these  problems 
has  recently  been  discussed  by  Feinstein  and  Piech.  10,11  To  check  our  numerical  techniques,  12  we 
compare  our  solution  for  several  low  order  polynomial  scattering  laws  with  those  given  by  Chandrastkhar.  1 
Finally,  we  briefly  discuss  comparisons  of  our  preliminary  theoretical  calculations  based  on  a  scattering 
law  suitable  for  the  undersea  environment,  with  measured  underwater  radiance  distributions.  13,14,15 

The  outline  of  this  paper  is  as  follows:  In  the  next  section,  we  formulate  the  appropriate 
radiative  transport  equation,  discuss  the  analytic  solution  in  terms  of  the  singular  eigenfunction 
expansion,  and  briefly  describe  the  numerical  procedures  used  for  the  calculations.  In  the  third 
section,  we  present  the  results  of  these  calculations.  The  final  section  summarizes  the  results 
and  conclusions  and  discusses  possible  generalizations  of  the  radiative  transport  formulation  of 
the  undersea  electromagnetic  propagation  problem. 

2.  SOLUTION  OF  THE  RADIATIVE  TRANSPORT  EQUATION 

A.  FORMULATION  OF  PROBLEM 

The  radiative  transport  equation  for  radiance,  T.[r,n)  ,  in  the  medium  is 
(ti- V)  I(r,n)~  -  (x(r)  *■  <r(r))  I(r,n)+  f  dfL  (%')  pin,  v')  I  (r  ,  ft ')  ,  (1) 

/A  A  /%  » 

where  we  have  written  the  VSF  in  the  form  ar(r)  — ^-r — with In  Eq.  (1)  <^(r) 
is  scattering  per  unit  length  and  K(£)  represents  absorption  per  unit  length.  We  assume  T(jr,v) 
represents  radiance  of  a  given  frequency,  and  that  energy  exchange  between  frequencies  can  be  neglected. 
dH(n') is  a  differential  solid  angle  about  ft'  .  Rigorous  derivations  of  Eq.  (1),  together-with 
a  discussion  of  the  range  of  validity  of  this  equation  may  bo  found  in  the  literature.  1  ’ 

Our  intent  here  is  to  investigate  the  solutions  of  Eq.  (1)  for  a  homogeneous  half-space  with 
a  VSF  corresponding  to  that  of  seawater.  The  incident  illumination  will  be  assumed  to  be  planar, 
corresponding  to  illumination  by  sunlight.  A  number  of  experimental  measurements  of  underwater 
radiance  exist  (see  for  example  Ref.  13)  together  with  measurements  of  the  VSF  down  to  small  angles. 
Radiance  values  can  be  calculated  by  extrapolating  the  measured  VSF  to  zero  scattering  angle,  and 
a  comparison  of  calculated  and  measured  radiance  values  can  be  made.  We  thus  assume  the  medium 
under  consideration  fills  the  half-space  z»  0  ,  and  with  the  homogeneity  assumption  write  Eq.  (1) 
in  the  form 


where  X  is  the  optical  thickness 


(xc  3 f  *  l)  =  -f-  J‘  ■p’n(/u-/a')Im  (*,,#■')  <*/*' 

thickness 

X  =  JZ  (K  *  <r)  otz'  =  Z  \K*<r) 


and  the  single  scatter  albedo  o)0  is 


In  Eq.  (2 )/<*cos0,  the  cosine  of  the  polar  angle.  The  scattering  phase  function,  -p  .  has  also 
been  assumed  azinuthally  symmetric. 

Unless  the  sun  is  at  the  zenith,  I  will  depend  on  (z,/x,  f)  :  hence  we  have  made  the  usual 
expansions: 

I(.xr/u,f) -TL  e‘  Zm  (X,/4.) 


Since  the  e  are  orthogonal,  Eq.  (2)  holds  for  each  rn  with  no  coupling  between  different 
values  of  rn  .  Eq.  (2)  thus  represents  a  set  of  equations  describing  radiative  transport  within 
the  model  space. 

B.  METHOD  OF  SOLUTION 


h'c  briefly  outline  the  singular  eigenfunction  solution  technique  as  applied  to  Eq.  (2).  For 
more  details,  the  reader  is  referred  to  the  literature.  7,8,12,18  ^e  fjrJt  assume  that  the  scattering 
phase  function  can  be  expanded  as 

v 

p  (cos  0)  =  ZI  3,  P,  (cos  9)  (5) 

where  ©  is  the  scattering  angle,  and  Pt  arc  the  Legendre  polynomials.  We  note  that  the  expansion 
of  p(cosg)in  Legendre  polynomials  is  not  the  only  possible  procedure.  Other  basis  functions  could 
bo  utilized,  or  one  could  deal  directly  in  the  computations  with^cosf?).  Use  of  an  analytical  expression 
for  ??  cosOsuch  as  (S),  however,  allows  the  analysis  to  be  carried  further  than  in  a  purely  numerical 
treatment. 
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A,  (if)  »  hm  A  (if  t  i  e) 

&-~0* 

-  A"7*0  -'jiff  >f (if ,  if  )(1  -  if1  )Ht  .  (15) 

In  Eq.  (14)  | \ Aa/j  A.fajl  is  the  change  in  the  argument  of  X^(yu)  as  yU  varies  continuously 

from  0  to  1. 

It  can  be  shown  that  the  number  of  positive  roots  is  limited  by6 

M  ±  N  -  ?7l  +  1 

with  N  the  highest  order  Legendre  polynomial  securing.  We  see  that  there  is  at  least  one  real  positive 
root  at  m  »  0  .  As  u)0  increases,  the  root  tends  to  infinity  and,  in  general,  additional  roots 

appear  at  if  *1  moving  off  toward  infinity.  We  also  note  as  the  order  of  the  polynomial  fit  is 

increased,  there  is  the  possibility  of  additional  roots. 

Once  the  eigenfunctions,  (8)  and  (12)  have  been  found,  it  is  necessary  to  establish  the  completeness 
of  the  •p’*  ,so  that  an  expansion  ofIwin  terms  of  the  PM  can  be  properly  made  and  interpreted. 
Completness  of  the  fi”1  follows  from  a  theorem  which  states  that  an  arbitrary  Holder  continuous 

function  on  (0,1]  can  be  expanded  in  terms  of  the  p  's  as 

I  n'(z,/u)  =  Y  aj'  < f”  (iff.yu)  e  +  f  (if)  <f>rn  ( i),yu .)  e'‘K/V  ch)  .  (16) 

«'*•  J0 

The  proof  is  constructive  in  that  once  completeness  is  proven,  it  explicitly  shows  how  to  calculate 
the  expansion  coefficients  a-J7  and  A^(i>) .  For  details  of  the  proofs,  the  reader  is  referred 
to  the  literature.  6,7,°  he  simply  quote  the  results  relevant  to  our  problem. 

The  expansion  coefficients  may  be  written  terms  of  the  adjoint  eigensolutions  as 

«r  F  f”  'A.)  /“<,  ^V.) _ 

(X .  :  —  — —  ■  i.  ■  ■■  -■ . — -  j  n 7  j 

'  tf)' 9"  w.  *7)  »mW)  . 

-  77  as) 

A(*>  '  X*U) 

m  hi  (19) 

X  (if)  *  A +  (if)  A.  (if) 


The  adjoint  eigensolutions  are  given  by: 


(iffi/uj  -  J  X j  B^iiff,^ )  *■ 


2  >>*3* (*/>,“.) 

w-sc. ) 


1*  /  ,  *  .  I  ,  e*t ,  ,  ,  .  9  (fi/i.)  , 

9  K/V-j*'  5  (f/,/ui)r  — : -  +- 


A  (if)  S  (if~yUc) 
( 1-if ‘)m 


The  11  functions  are  given  by 


rh i7v7  -  v\di> 


The  Sl^/^are  given  by 

8  8/  (if)  P^jU)  , 

where  the  B ^  ere  determined  by  solving  the  polynomial  equations 

Y  &*  (i>')  x* (f>)  --  -L™  (if,  if’)  , 

t,  v.  <  Z 


C(z-z'^(F:-)  £  Y  |V  , 
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»'s“ 


H^iyu)  U/n(ju)  *  2 


p;v,> 

HTv! 


(26) 


where  AS  means  we  keep  the  dominant  terms  as  >*—»■»  . 

Kith  the  above  results,  we  can  write  down  the  final  result  as 
2 ’(*,/*>  f)=^f  (2~  So«,)in(X>s“'>(,~^*)  ^  (t  '“I  )  A  cos 

(27) 

r  *  i 

*  «<>vo  e‘  °  L5  cos  • 

whcrefz/^ ,  specify  the  incident  wave  direction. 

The  calculations,  although  quite  involved,  are  actually  reasonably  straightforward.  However, 
considerable  care  must  be  taken  to  evaluate  both  the  discrete  roots  and  the  integrands  entering 
into  the  calculations  of  Eq.  (16).  As  roots  appear  at  1  ,  the  integrands  vary  quite  rapidly  near 

/u-i  ,  and  much  finer  grid  spacing  is  required  for  evaluation  of  the  integral  in  this  region,  with 
accuracy  better  than  one  part  in  10^°  necessary  to  irsurc  correct  results.  In  addition,  calculation 
of  Eq.  (23)  is  difficult  for  large  values  of  the  discrete  roots.  .  The  magnitude  of  >*/  increases 
with  «>„  .  Additional  roots,  9*  ,  appear  as  N  is  increased.  Hence,  the  calculations  become  more 

difficult  as  cither  N  or  is  increased.  The  details  of  the  calculation  can  be  found  ir.  Reference 

12. 


3.  NUMERICAL  RESULTS  AND  DISCUSSION 

Our  ultimate  goal  is  to  use  measured  values  of  the  VSF  to  predict  both  reflected  and  underwater 
radirnce  distributions,  and  to  investigate  the  sensitivity  of  these  distributions  to  the  form  of 
the  VSF.  In  this  section,  we  present  some  numerical  results  for  radiance  reflected  from  the  infinite 
half-space,  and  the  radiance  distribution  as  n  function  of  depth  in  the  half-space. 

The  first  step  in  performing  the  numerical  calculations  is  to  fit  a  polynomial  to  the  VSF. 

Kc  use  the  VSF  as  measured  by  Tyler.  13  in  Figure  1,  we  show  the  measured  VST  with  two  polynomial 
approximations.  The  VSF  is  peaked  in  the  forward  direction  by  about  four  orders  of  magnitude.  Ko 
see  that  the  N=3  curve,  where  N  is  the  order  of  the  fit,  is  peaked  in  the  forward  direction  by  about 
a  factor  of  10,  while  the  N=9  fit  is  peaked  in  the  forward  direction  by  a  factor  of  about  150.  Out 
computer  code  for  the  reflection  from  the  half  space  presently  is  operative  to  S-9,  and  for  the 
radiance  as  a  function  of  depth  to  N*S.  U'e  are  now  in  the  process  of  modifying  the  code  to  handle 
arbitrary  orders,  h'c  feel  that  to  suitably  represent  the  VSF,  an  N  of  50  to  60  rill  be  necessary. 

The  actual  form  of  the  VSF  is,  of  course,  not  well  known  for  angles  <*  0.1°  because  of 
experimental  difficulties.  The  solid  curve  of  Figure  1  below  such  angles  is  thus  an  cxt.apolation. 
Various  approaches  to  such  an  extrapolation  procedure  exist  along  with  several  suggested  forms  for 
t'le  small  angle  VSF  (cf.  Morrison,**  Wells,  20  and  Chilton,  Jones  and  Talley**).  The  VSF  need  not 
oven  be  finite  at  9  *  0.  20  Extension  of  the  polynomial  fit  to  N~50  will  hopefully  ailow  determination 
of  the  sensitivity  of  radiance  distribution  to  small  angle  form. 


Although  computational  time  is  minimal,  the  numerical  codes  are  quite  involved,  hence  some 
verification  of  the  codes  is  desirable.  Before  discussing  the  reflection  calculations,  let  us  briefly 
nention  several  such  checks  we  have  made.  Chandrasekhar  *  uses  the  discrete  ordinate  technique 
to  solve  the  problem  of  reflection  from  a  honogcncous  half  space  for  an  isotropic,  linear,  and  quadratic 
(Rayleigh)  scattering  phase  function  (analogous  to  the  "Sr).  The  present  singular  eigenfunction 
computation  reproduces  Chandrasekhar’s  results  to  the  five  figure  accuracy  he  has  published.  1  As 
an  additional  check,  one  can  show  from  the  reciprocity  rclationsmp  *  that  the  cigcnsolutions  must 
obey  the  following  symmetry  laws 


/“«  V  (-/“.A,  -  1  M  <t>m 


This  relationship  is  satisfied  to  at  least  five  figure  accuracy  for  polynomial  fits  to  •<*9. 

In  Figure  2  we  display  backscattered  radiance  (i.e.,  m  -  ,  /  -  or  -  f 0  ).  Hence,  &'<8C° 

corresponds  to  radiance  returning  normal  to  the  medium  surface.)  for  the  3rd  and  9th  order  fits 
as  a  function  of  the  incident  direction  with  an  uc  *•  0.721  (corresponding  to  Tyler's  experimental 

conditions  *'*•*•’  ).  Kc  observe  that  the  backscattered  intensity  for  the  9th  order  fit  is  much  less 

sensitive  to  angle  of  incidence  than  the  3rd  order  fit  (except  near  grating  incidence).  'Ve  also 
observe  that  the  radiance  for  the  3rd  order  fit  is  about  2  1/2  tines  that  of  the  9th  order  fit. 

This  may  be  attributed  to  the  fact  that  the  Jth  order  fit  is  a  better  approximation  by  a  factor 
of  IS  than  the  3rd  order  fit  to  the  strongly  forward  peaked  \SI  .  As  a  result,  many  more  scatterings 
are  necessary  on  the  average  for  light  to  be  recruited  fron  the  half  space.  The  average  optical 
path  is  thus  longer  and  considerably  more  absorption  occurs  for  tins  greater  path  length. 

In  Figure  3  we  present  reflected  radiance  distributions  for  various  incident  angles  for  tne 
3rd  order  fit  to  the  VST.  and  in  fi<*tirc  1  the  Jth  oruer  fit  to  tne  \M  .  ,c  again  observe  the  reduction 

in  radiance  fron  the  3rd  to  the  Jth  order  fits,  nth  the  3rd  order  fit,  we  observe  maxima  and 
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minima  as  a  function  of  9  .  This  behavior  is  also  observed  by  Chandrasekhar1  for  low-order 

polynomial  scattering  laws.  The  results  for  the  9th  order  fit  in  Figure  4  still  exhibit  the  extrema, 
but  the  amplitudes  of  the  extrema  are  not  nearly  as  large,  indicating  that  the  radiance  emitted 
from  the  half  space  for  a  highly  forward  peaked  VSF  is  quite  diffuse  and  relatively  insensitive 
to  angle  of  incidence.  Ke  also  note  that  for  both  the  X=3  and  N=9  fits,  the  reflected  intensity 
tends  to  reach  a  maximum  and  then  decrease  as  9  approaches  90°.  This  phenomenon  is  analogous 
to  limb  darkening,  and  is  al^o  observed  by  Kaper  1®  in  his  eigenfunction  solution  for  the  slab 
for  an  atimuthal ly  symmetric  boundary  condition. 

In  Figure  S  we  show  the  radiance  distribution  as  a  function  of  optical  depth,  is  ,  from  n  =1 
to  8,  for  a  plane  wave  incident  at  60°  from  the  surface  normal.  Here,  N'=5.  The  curves  represent 
only  r.he  scattered  radiance  at  9  =  V „  ,  i.c.,  in  the  plane  of  the  zenith,  and  the  incident 

wave  direction.  The  unscattcred  radiance  is  a  decaying  exponential  in  x  at  60°.  As  expected  for 
small  optical  depths,  a  maximum  occurs  about  the  incident  direction.  At  greater  depths  in  the  medium, 
this  maximum  moves  toward  0°,  and  the  radiance  distribution  becomes  independent  of  angle  of  incidence. 
The  observed  maximum  becomes  more  pronounced  for  a  given  depth  as  the  VSF  becomes  more  strongly 
peaked  in  the  forward  direction,  and  one  must  go  to  larger  optical  depths  before  it  diffuses.  The 
rate  of  measured  decay  of  the  maximum  about  the  incident  angle,  coupled  with  the  ability  to  compute 
decay  as  a  function  of  degree  of  forward  peaking,  may  thus  offer  an  indirect  measure  of  this  peaking. 

The  shift  of  the  maximum  to  zero  degrees  is  in  agreement  with  the  observations  of  a  number 
of  researchers.  13  The  general  structure  of  the  radiance  curves  of  Figure  S  is  also  in  qualitative 
agreement  wi»h  the  experimental  data  of  Tyler  14,15  .  More  detailed  comparisons  with  this  data 
necessitate  a  better  fit  to  the  VSF.  This  will  be  reported  in  a  future  paper. 


4.  CONCLUSION' 

In  this  paper,  we  have  approached  the  undersea  electromagnetic  propagation  problem  from  the 
point  of  view  of  the  radiative  transport  formalism  and  the  singular  eigenfunction  expansion  technique. 
Our  reasons  for  adopting  this  approach  weie  detailed  in  the  first  section  of  the  paper.  While  the 
singular  eigenfunction  technique  is  very  complex  mathematically,  we  nevertheless;  feel  this  approach 
has  developed  to  the  point  where  it  is  a  useful  computational  tool  for  the  opt.cil  physicist  studying 
undersea  propagation  phenomena.  In  addition,  this  technique  possesses  the  important  advantage  thac 
it  is  fundamentally  analytical,  as  opposed  to  numerical.  This  characteristic  promises  to  allow 
a  more  direct  investigation  of  the  physical  importance  of  the  various  parameters  of  the  problem. 

The  singular  eigenfunction  technique  was  applied  to  the  problem  of  plane  wave  illumination 
of  a  homogeneous,  highly  anisotropic,  half  space.  This  problem  is  of  interest  in  a  number  of  fields 
such  as  oceanography  and  remote  sensing  of  environmental  pollution.  It  is  also  a  useful  problem 
for  assessing  he  utility  of  the  singular  eigenfunction  technique  --as  measured  values  of  undersea 
radiance  exist  for  comparison,  along  with  measured  values  of  scattering  phase  function  down  to  small 
forward  angles.  The  results  of  these  calculations  were  presented  in  Section  3,  where  the  radiance 
distribution  was  calculated  for  reflection  from  the  half  space  for  3rd  and  9th  order  polynomial 
approximations  to  the  VSF,  and  as  a  function  of  depth  in  the  medium  for  a  Sth  order  fit  to  the  VSF. 

When  the  polynomial  approximation  is  improved,  it  will  be  possible  to  compare  the  depth  distributions 
more  closely  with,  for  example,  the  measurements  of  Tyler.  13 

The  above  problem  corresponds  essentially  to  passive  source  sensing  configurations.  Active 
source  systems  such  as  lasers  are  frequently  oc  great  utility,  and  consequently  consideration  of 
this  group  of  problems  is  of  considerable  interest.  In  addition  to  the  vastly  different  boundary 
conditions  associated  with  such  problems,  the  coherence  characteristics  of  the  types  of  problems 
differ  significantly.  Garrettson21  has  recently  solved  the  pencil  beam  problem  in  a  homogeneous, 
isotropic  half  space  by  a  Green's  function  approach  similar  in  spirit  to  our  singular  eigenfunction 
technique.  The  pencil  beam  approach  is  fundamentally  an  intensity  transport  approach  and  thus  only 
contains  coherence  effects  implicitly  through  the  optical  parameters  of  the  transport  equation, 
such  as  the  VSF.  As  a  result,  it  docs  not  completely  contain  or  describe  interference  effects. 

However,  we  are  presently  considering  modifications  and  extension’,  of  the  methods  presented  in  this 
per  employing  tie  formalism  developed  by  Garrettson.21  Kith  these  techniques,  one  should  be  able 
-j  analyze  some  aspects  of  such  coherent  systems  from  a  radiative  transport  viewpoint. 

In  this  oaper  we  have  formulated  the  undersea  optical  propagation  problem  in  terms  of  the  radiative 
transport  equation  and  investigated  th-  applicability  of  this  approach.  The  radiative  transport 
quation  was  solved  using  the  singula  eigenfunction  expansion  technique.  Sample  calculations  were 
presented  for  ref'ectcd  radiance  and  radiance  distribution  in  the  half  space,  and  extensions  of 
the  work  were  discussed.  The  results  indicate  that  the  radiative  transport  approach  offers  a  useful 
analytical  technique  for  investigation  of  undersea  optical  propagation  problems  . 
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SUMMARY 


One  of  the  most  fundamentally  limiting  optical  parametczs  of 
sea  water  is  the  volume  absorption  coefficient.  In  typical  oceanic 
waters  in  which  the  absorption  and  scattering  coofficionts  are 
roughly  the  same,  it  has  not  been  a  simple  matter  to  measure  the 
attenuation  coefficient  independent  of  scattering.  A  new  instru¬ 
ment  has  been  developed  to  do  Just  this.  Basically,  it  consists 
of  a  point  source  of  light  and  an  irradlance  detector  at  a  known 
distance  from  the  point  source. 

Another  parametor  in  addition  to  absorption  and  particulate 
scattering  that  can  limit  the  performance  of  underwater  imaging 
systems  is  duo  to  fluctuations  in  index-of-refraction,  or  optical 
turbulence.  Such  fluctuations,  resulting  from  fluctuations  in 
temperature  or  salinity,  occur  in  the  ocean  due  to  a  variety  of 
natural  causes.  Several  techniques  have  been  employed  to  demon¬ 
strate  the  phenomena,  including  very-narrow  forward-angle  scattering 
measurements,  propagation  of  small  laser  beams  through  sea  water, 
and  motion  pictures  of  back-lighted  resolution  targets. 


OPTICAL  ABSORPTION  AND  TURBULENCE- INDUCED 
NARROW-ANGLE  FORWARD  SCATTER  IN  TOE  SEA 


Underwater  visibility  is  limited  by  absorption  of  light  by  tho  sonwator  and  by  the  particles  in  the 
wator  and  by  tho  loss  of  resolution  resulting  from  scattering  by  particles  in  tho  water  and  from  refractive 
index  inhomogeneitios  in  tho  wator.  These  two  limiting  factors  are  the  subject  of  this  paper.*  Tho  authors 
gratefully  acknowledge  the  support  of  the  following  agencies  for  portions  of  the  work  roported: 

1.  Naval  Undersea  Research  and  Development  Conter,  San  Diego,  California  and  the  U.S.  Navy  Deep 
Ocoan  Technology  Program. 

2.  Advanced  Sensors  Offlco,  Advanced  Research  Projects  Agency,  Washington,  D.C. 

ADSORPTION 

General 


Absorption  is  apparently  a  fundamentally  limiting  factor.  Light  absorbod  by  the  wator  and  by 
partlclos  in  the  water  is  transformed  to  heat  and  is  lost  as  information.  Absorption  moan  free  paths 
for  bluo-greon  light  rango  from  a  few  tens  of  centimeters  or  less  in  dirty  harbors  to  tens  of  meters 
in  very  clear  ocean  water.  At  other  optical  wavelengths,  absorption  mean  froo  paths  are  much  shorter. 
Tho  fundamentally  limiting  naturo  of  absorption  is  often  overlooked.  For  examplo,  if  a  1000-Joule 
pulse  is  transmitted  through  very  clear  water  (absorption  mean  free  path  =  30  meters),  and  no  scattering 
whatevor  occurs,  then  only  a  single  photon  will  romain  at  a  range  of  1.5  km.  Each  tenfold  increase  in 
transmitted  energy  adds  only  70m  to  tho  rango.  Imaging  requirements  and  signal-to-nolse  considerations, 
as  well  as  target  characteristics  and  scattering  in  tho  water,  increase  tho  onorgy  requirements  of  real 
systoms  by  many  orders  of  magnitude,  oven  in  the  clearest  ocoan  waters. 

Tho  Absorption  Meter 


Since  absorption  is  the  most  important  single  optical  characteristic  of  wator,  wo  have  developed 
a  simple  instrument  with  which  to  measure  it.  Tho  principle  of  the  absorption  motor  (j>-moter)  is  shown 
in  Fig.  1,  a  plot  of  the  logarithm  of  the  detoctor  power  as  a  function  of  rango  u3  would  be  measured  by 
a  hypothetical  transmlssometcr  or  or-metor  consisting  of  a  collimated  beam  sourco  and  a  rocoiver  with  a 
variablo  acceptance  angle  and  an  aperture  very  much  larger  than  the  beam  diameter.  As  the  acceptance 
angle  0  closoly  approaches  zero,  tho  measured  power  is  shown  by  tho  lower  curve,  o~ar ,  where  cr  =  ai  +  s, 
and  s  is  the  conventional  scattering  coefficient.  As  0  increases,  so  does  the  measured  power.  When  6 
approaches  180°,  the  power  will  closely  approach  e“£r,  because  all  tho  unabsorbod,  forward-scattered 
photons  are  measured.  The  difference  in  slope  between  the  0  =  it  and  o~ilr  lines  represents  the  fuct  that 
some  back-scattered  photons  are  not  collected  and  that  the  forward-scattered  photons  travel  further  than 
r  to  roach  tho  detector.  These  photons,  therefore,  have  a  higher  probability  of  boing  absorbed  than  if 
no  scattering  took  place.  That  is,  if  no  scattering  took  place,  tho  0  =  n,  the  o~£T  and  the  e*CKr  lines 
would  coincide. 

Tlio  a-metor  itself  may  be  visualized  as  a  spherical  system  consisting  of  a  point  source  of  light  at 
the  ccntor  and  an  irradiance  motor  positioned  as  a  small  section  of  a  sphere  of  radius  r  around  the  source. 
(The  use  of  a  flat,  cosine  dotector  instead  of  a  collector  shaped  as  a  section  of  a  sphoro  of  radius  r 
introduces  negligible  error  if  the  area  of  tho  dotector  i3  very  small  compared  to  dnr^.)  The  powor  at  tho 
detector  will  be  approximately  proportional  to  the  power  at  the  source  (within  tho  bandwidth  of  the  de¬ 
tector  and  filter,  which  should  be  narrow  compared  to  the  bandwidth  of  a  water  column  of  length  r) ,  pro¬ 
portional  to  the  area  of  the  dotector,  inversely  proportional  to  4ar^,  and  proportional  to  e"Jir, 

There  will  be  a  small  error  due  to  the  scattering  in  tho  water,  which  increases  the  effective  distance 
traveled  by  the  flux  to  the  dotector.  That  incroaso  in  distanco  deponds  upon  two  factors:  the  scattering 
coefficient  (i.c.,  tho  fraction  of  the  flux  likoly  to  bo  scattered  botwcon  the  sourco  and  the  detoctor)  and 
the  volume  scattering  function  (i.e.,  the  angles  over  which  tho  scattered  flux  will  be  scattered).  With 
reasonable  Instrument  dimensions,  this  increase  in  distanco  and,  consequently,  the  error  in  tho  measurement 
of  a  are  low.  For  r  =r  0.5  m,  the  error  in  the  measured  value  of  a  duo  to  scattering  is  less  than  1  percent 
for  likely  values  of  s  (s  5  0.5  In  m  '  or  i  2.2  dB/ro)  and  less  than  10  percont  oven  in  waters  with  a 
scattering  coefficient  as  largo  as  2  In  m”'  or  8.7  dB/m.  (Appendix  A  of  Rof.  1).  It  should  be  polntod 
out  that  these  aro  only  errors  if  they  remain  uncorrcctod.  They  may  also  bo  considered  as  socond-ordor 
corrections  that  may  bo  applied  to  obtain  more  oxnct  values  of  a.  However,  it  seems  likoly  that  orrors 
of  oven  a  fow  percont  can  be  toloratcd  in  most  normal  uses. 


£ 

A  third  limiting  factor  commonly  dominates  underwater  imaging  system  performance:  the  loss  of  target 
contrast  that  results  from  the  veiling  luminance  (in  the  case  of  daylight  illumination)  and  from  back- 
scattering  of  source  light  into  the  detector  by  the  water  and  particles  in  the  wator.  Contrast-limiting 
phenomena  and  the  potential  ways  of  overcoming  this  limitation,  while  interesting  subjects,  are  not 
treated  in  this  papor. 
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In  sunnary, 

Pd  =  P0  A  (4mr2j  -1  o  -“r  , 

where 

P  =  Power  incident  on  the  irrndionce  dotoctor  (within  the  bandwidth  of  the  detector  and  filter) 
a 

PQ  a  Power  output  of  the  point  sourco  (within  the  bandwidth  of  tho  detector  and  filter) 

A  =  Area  of  tho  dotoctor 

a  =  Absorption  coefficient  (in  units  of  reciprocal  length). 

This  instrument  has  tho  important  characteristic  that  it  can  be  self-calibrating.  By  keeping  tho 
light  source  constant  and  by  simply  changing  tho  range,  r,  of  a  single  dotoctor  and  noting  the  now  pcwor 
Pd,  the  device  can  be  calibrated  using  the  expression 


The  second  generation  a-motor  system  consists  of  a  rigid  underwater  frame,  on  which  are  mounted  two 
detectors  and  two  self-contained  light  sources  and  a  deck  box  for  controls.  The  undorwater  frame  is 
constructed  of  square-cross-section  black-anodizod  aluminum  tubing  fastened  at  the  cornors  with  bracing 
plates  (see  Fig.  2).  Tho  frame,  trlangular-shapod  for  minimum  weight  and  maximum  rigidity,  is  7  ft.  long 
on  each  side.  The  frame  rigidly  supports  two  identical  froo-running  pulsed  light  sourcos  and  two  photo¬ 
diode  detectors.  The  bottom  light  sourco  (Fig.  2),  used  for  tho  a  measurement,  is  positioned  between  tho 
two  detectors  to  give  a  preclsoly-known  path  difference.  If  increased  sensitivity  is  required,  this  path 
difference  is  lengthened.  The  top  light  sourco  is  positioned  exactly  equidistant  from  each  photodotector, 
allowing  changes  in  detector  characteristics  to  bo  closoly  monitored  if  they  occur.  Tho  presence  of  fish, 
seaweed,  etc.,  is  nlso  indicated  by  variations  in  the  signals  from  the  upper  light  source.  Pulsed  light 
sources  are  used  in  this  instrument  because  they  can  bo  much  brlghtor  thar.  CW  sources,  (henco  can  oporato 
in  brighter  background  conditions),  and  because  they  attract  far  fewer  fish.  Each  light-source  system 
(Fig.  3)  consists  of  an  aluminum  pressure  vessel  and  an  aluminum  wand  with  the  xenon  strobe  lamp  supported 
by  polyurethane.  The  input  to  the  lamp  is  about  20  J/pulse  of  0.5  ms  length.  The  pressuie  vessel  houses 
the  light-source  battory  power  supply,  high-voltago  pulser,  and  pulse-frequency  oscillator.  This  circuitry 
is  internally  mounted  to  a  rigid  framework  attached  at  one  end  to  tho  pressure-containor  cover. 

Tho  photodctoctors  aro  United  Detector  Technology  PIN-10  silicon  photodiodes.  Each  dotoctor  is 
covered  with  a  Lambortian-scattoring  opal  glass  dlffusor,  a  bluc-greon  Wrattcn  #61  spectral  filter,  and 
a  Corning  #1-56  infrared  blocking  filter  for  calibrations  in  air.  Tho  photodiode  and  tho  flltor  stack 
aro  potted  in  transparent  polyurothane,  bonded  both  mechanically  and  electrically  to  waterproof  male 
electrical  connector  (see  Fig.  4).  Tho  resulting  photodiode  is  strappod  to  an  aluminum  plate  that  may 
be  moved  along  the  side  of  the  triangular  frame.  Tho  photodiodos  bavo  beon  statically  tasted  to  pressures 
equivalent  to  1000  ft.  with  no  damago.  Electrical  connection  with  tho  Deck  box  is  through  a  slnglo  coaxial 
RG-58  U  50-0  cable.  A  female  watorproof  connector  terminates  the  undorwator  ond  of  this  cable  and  connects 
dlroctly  to  tho  photodiode.  Diode  bias  voltage  supplies  of  -15  Vdc  and  1000-*'  output  load  resistors  arc- 
located  In  the  Dock  Box;  the  coaxial  coble  carries  bias  to  and  signal  from  the  photodiode.  The  two  coaxial 
cobles  for  tho  photodiodos  are  the  only  oloctrical  connection  betwoon  the  Dock  Box  and  the  underwater  frame. 

The  Deck  Box  (Fig.  5)  contains  the  photodotector  circuitry  and  the  preamplifier,  logarithmic,  and 
digital-logic  modulo  circuitry  necessary  for  tho  real-time  signal  processing  of  the  absorption  coefficient 
data.  The  absorption  coefficient  analog  voltage  Is  meosurod  by  a  digital  voltmeter  (DVM)  with  a  digital 
readout  display.  The  signal  may  also  bo  used  to  drive  a  chart  recorder  to  obtain  a  graphic  display  of  a 
versus  time  or  some  other  parameter. 

Tho  Instrument  has  boon  testod  in  tho  relatively  turbid  waters  oS  Konteroy  Bay  and  the  clear  oceanic 
waters  of  tho  Pacific  (Hawaii)  and  the  Atlantic  (Bahamas),  Its  use  will  enable  realistic  estlmatej  to  be 
made  of  the  maximum  underwater  ranges  various  optical  systems  can  achieve  in  tho  various  difforont  ocean 
wators,  and  will  enable  comparisons  to  bo  made  among  instruments  and  systems  tosted  In  different  waters, 
or  at  different  tfmoa  in  the  same  waters. 
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SCATTERING 

General 


Tho  socond  topic  of  this  paper  concorns  tho  scattering  phenomena  that  rosult  In  loss  o 1  imago 
resolution:  scattering  by  tho  water  and  oy  particles  in  tho  water,  and  by  refractive  Index  inhomo- 
goneittos  in  the  water.  Tho  norrow-anglo  forward  scattering  by  tho  water  molecules  is  negligibly  low, 
so  only  scattering  by  particles  and  by  rofractivo  index  inhomogonoities  are  of  present  Interest  to  us. 
Scattering  by  particles  has  boon  well  described  by  Mlo2  and  others. 3  It  can  be  measured  at  narrow 
angles  by  an  instrument  that  we  describe  later  In  connection  with  optical  turbulence. 

Fluctuations  in  rofractivo  index  (optical  turbulence)  are  commonly  prosent  in  the  atmosphero  pro¬ 
ducing,  for  example,  tho  twinkling  of  stars.  In  the  atmosphere,  optical  turbulonco  is  caused  principally 
by  temperature  differences  associated  with  individual  (mechanically)  turbulent  oddies.  We  have  now  found 
that  optical  turbulence  also  occurs  in  the  sea. 

Measurement  of  Scattering 

Figure  6  illustrates  a  portable,  rolative  short  path  length  version  of  an  apparatus  designed  to 
mossuro  very  narrow  angle  forward  scattering.  It  consists  of  a  helium-neon  laser  (X  =  0.7p)  and  a  long- 
focai-length  camera  focused  to  infinity  for  the  lasor  wavelength.  The  laser  and  camera  are  mounted  on 
a  long,  rigid  underwater  optical  bench  pointing  towards  each  other.  Tho  instrument  is  quite  flexible: 

Two  beam  diameters  or  beam  divergences  are  available  from  the  lasor  and  two  focal  lengths  are  available 
for  the  camera.  Table  I  summarizes  these  characteristics.  Tho  optical  bench  can  bo  suspended  from  spar 
buoys  on  tho  surface  to  mlnimlzo  coupling  to  surface  waves.  Optical  scattering  that  occurs  between  the 
laser  and  the  camera  broadens  the  imago  on  the  film  plane  of  the  camera.  Microdonsltometry  of  the  de¬ 
veloped  film  provides  intensity  profiles  across  the  images,  from  which  scattering  angle  distributions 
were  calculated.  The  resolution  limit  of  tho  system  in  water  was  about  50  prad:  this  was  measured  both 
in  air  and  in  a  cloan,  thermally  homogeneous  swimming  pool. 

Significant  vory  narrow-angle  scattering,  as  shown  in  Figure  7,  was  measured  in  experiments  made 
with  the  instrument.  In  San  Francisco  Day  tho  path  between  the  laser  and  the  camera  was  68  cm;  in  the 
offshore  test  the  path  was  183  cm.  In  both  cases  the  instrument  was  suspended  horizontally,  about  1.6  m 
bolow  the  surface  (where  water  well  mixed  by  wave  action  would  be  expected).  In  both  cases  the  scattering 
was  found  to  bo  about  100  ,irad.  Subsequent  measurements  have  been  made  in  a  varioty  of  waters  over  path 
lengths  to  about  5  motors. 


TABLE  I 


Characteristics  of  Narrow-Angle  Forward  Scattering  Dovicc 

Laser  bean 

Camera 

Min.  Spot  Size 

U/W 

divergence 

focal 

length 

(lull  width  to 

Angular 

(full  width 

(mn) 

1/e2  points) 

Sensitivity 

to  l/o2  points) 

Air 

U/W 

(mm) 

(mm/mrad) 

0.8  mrad 

•100 

535 

0.32  mm 

0.53 

1200 

1605 

0.96  mm 

1.6 

0.08  mrad 

•100 

535 

0.032  mm 

0.53 

(10x  telephoto) 

1200 

1605 

0.096  mm 

1.6 

Single  scattering  from  largo  particles  of  diameter  d  produces  scattering  angles  of  the  order  of 
X/a  radians;  therefore  particles  of  about  7-mm  diameter  are  neodod  to  produco  the  measured  100-prad 
scattering.  However,  this  is  at  least  an  order  of  magnitude  larger  than  the  size  of  the  largest  par¬ 
ticles  observed  to  be  presont  in  the  wator.  (Actually  only  a  relatively  few  particles  in  the  sea  are 
in  the  range  of  10-100  pm;  the  remainder  of  tho  particles  apparently  increase  logarithmically  in  number 
with  decreasing  size.-')  It  was  hypothesized  that,  since  the  measured  scattering  was  not  produced  by 
particles,  it  roust  havo  boon  producod  by  rofractivo  index  variations  in  tho  water. 

Optical  turbulence  in  the  ocean  can  bo  expected  on  the  basis  of  thermal  gradients  normally  present 
in  the  water  (as  near  the  surface),  salinity  gradients  normally  prosent  in  the  water  (such  as  due  to 
evaporation  or  rainfall),  the  mixing  of  different  wator  masses,  and  the  slow  thermal  and  saline  diffusion 
rates  in  water.  Changes  in  temperature  or  salinity  can  bo  simply  related  to  changes  in  indox-oi-refraction.3 
Adequate  modeling  of  these  effects  to  describe  optical  turbulence  has  not  yet  been  achieved.  (In  fact, 
fully  adequate  modeling  of  optical  turbulence  in  the  atmosphere  has  not  yet  been  achieved.) 


We  have  recently  photographed  optical  turbulence  in  the  „„„  „  » 

lighted  resolution  target.  The  movies  wore  taken  at  a  range  of  Til  ?  lqUC  pI,ot°Kraphs  a  ba<*- 

turbulonco  in  Hawaii,  and  much  more  moderate  conditions  in  the  R  h  "  rWat°rS  Showlng  oxtremo  optical 

the  bars  in  the  middle  of  the  loft-hand  column  non  .  °  BahcmaSl  For  calibration,  the  widths  of 

photographs  the  imago  of  a  small-diameter  laser  boamSi°nidt0> 0b°Ut  *  mllUradlaa-  Tl>':  other  technique 
sequence  in  the  movie  shows  the  boTfrom  ,  T, \  T  °"  ”  dmU8C  CaUbratod  target.  The 
VT.  of  11  m  in  the  ^  ~~ 

showing  typical  underwater  layering  and  turbulent  mining  as  made  visibL^lng1^^  ^  ZZL. 

systems.  Our  present  investigations  involJrmoasuromJn^  of0‘ho3siUU°i  aC^°Vabl°  by  undersca  ‘“"King 
gradients  of  turbulent  eddies  in  typical  oceanic  water,  a  ulstrlbutlons  aad  refractive  index 

lenco  on  optical  imaging  systems.*  '  nnd  m0dellng  the  Cffects  ot  tbls  <»>tical  turbu- 
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DISCUSSION  ON  PAPERS  PRESENTED  IN  SESSION  VII 
(Theorioal  considerations) 


Discussion  on  paper  *6  t  "Loss  of  optical  resolution  in  sea  water  by  multiple  small- 

angle  scattering",  by  W.H.  WELLS  , 


Prof.  TYLER  t  I  would  like  to  ask  a  question  regarding  the  extent  of  scattering  function1. 
Can  you  measure  the  scattering  function  to  zero  direction  ? 

Dr.  W.H.  WELLS  t  She  testing  diagram  we  used,  has  some  of  the  highest  frequencies,  some¬ 
thing  like  the  reciprocal  of  25  seconds  of  aro  .  But  this,  is  limited  only,  by  the  manu¬ 
facturing  cost  of  the  testing  diagram  .  There  was  not  any  other  limitations  as  we  expe¬ 
rimented  with  this  new  instrument  . 


Discussion  on  paper  M  :  "The  theory  of  light  scattering  in  the  sea",  by  R.O.  HONEY 


Dr.  W.  CONDELL  i  What  was  the  dimensionality  for  your  Monte-Carlo  calculation  ? 

R.C,  HONEY  »  The  memory  could  extract  the  angle  of  propagation  of  a  very  large  number 
of  photons  propagating  in  the  same  direction,  to  determine  the  differences  of  direction 
in  function  of  the  distance  from  the  axis  . 

Dr.  W,  CONDELL  j  Have  you  determinate  experimentally  this  parameter  "<$ta"  ? 

Dr.  R.C.  HONEY  t  Yes,  I  did  in  every  point  ! 


Discussion  on  paper  36  j  "Transport  analysis  of  optical  propagation  in  undersea  environ- 

ment",  by  D.L.  FEINSTEIN  and  K.P.  PIECH 

Dr.  A.  WIRGIN  i  -  Whet  are  the  boundary  conditions  that  you  used  ? 

Dr.  K.P.  PIECH  t  -  In  addition  to  plane  wave  Illumination  at  various  angles,  we  allowed 
for  no  refractive  effects  -  i  e  the  infinite  half-space  above  the  scattering  and  absor¬ 
bing-half  space  waB  assumed  to  have  the  same  index  of  refraction,  but  with  no  absorp¬ 
tion  or  scattering  allowed  , 


Discussion  on  paper  3?  :  "Optical  absorption  and  turbulence  induced  narrow-angle  forward 
scatter  in  the  sea",  by  R.C.  HONEY  and  G.P.  S0REN30N  . 

Dr.  A.  WIRGIN  :  «  I  have  two  questions  i  1  -  How  do  you  filter  out  to  have  the  ambiant 
daylight  in  your  recepter  .  2  -  You  show  a  recepter  in  oase  in  plastic  .  Do  you  use  a 
synchronous  detection  system  ? 

Dr.  R.O.  HONEY  t  -  Ambiant  daylight  is  a  problem  .  There  are  two  ways  t  One  of  course 
uses  the  relative  narrow  hand  filter  but  that  cuts  down  the  amount  of  energy  •  The 
second  one  uses  a  pulsed  source,  much  more  brighter  than  the  sun  .  Then  the  noise  is 
out  •  Down  to  50  or  100  m  depth  we  used  a  o.w.  light  source  much  less  bright  than  the 
pulsed  source  and  we  still  had  noise  problems  • 
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L0rsqu'un  objet  situ4  sous  l’eau  eat  vu  h  trovers  un  systbme  optique  immerg6 
formant  une  image,  la  quality  de  l'ini'-ge  oblonue  est  toujours  degrades  par  comparai- 
son  avec  une  image  de  gdometrie  aitu4e  dans  l'gir.  Cette  degradation  e.it  le  r^aultat 
cou.plexe  de  la  diffusion  cr#de  oar  l'eau,  des  nartioules  en  suspension  danB  cet  61&- 
ment,  de  l'absorntion  de  la  lumi&re  le  long  de  la  trajectoire  de  propagation,  et  de 
la  geometric  du  lieu  d'observa Oion.  Au  cours  de  ces  derniferes  annges,  on  a  consacr^ 
une  attention  considerable  h  1' expression  et  h  la  prediction  de  cette  d4gralation 
du  point  de  vue  de  la  theorie  des  communications  plut3t  que  de  celui  de  la  physiolo- 
aie  de  l'observateur.Les  auteurs  retracent  1* introduction  en  optique  hydrologique, 
des  idaes  relatives  a  la  theorie  des  communications, et  comparent  les  divers  r4sultats 
exp^riment^ux  et  theoriques  dont  il  est  fait  4tab  dans  la  literature  scientifique. 
Ils  consacrent  une  attention  particulikre  a  trois  communications  r^centes  traitant 
d‘-  la  prediction  theorique  de  la  fonction  de  transfert  de  la  modulation  par  l»eau  de 
mer  :  J.R.V.  Zaneveld  et  G.F.  Beardsley  Jr.,  Josa  59  (4)  ;  W.H.  Vella,  Josa  59  (6)  i 
et  F.  Chilton,  D.D.  Jones  et  W.K,  Talley,  Josa  59  (8).  Ces  trois  groupes  de  cher- 
cf.eurs  ont  eu  recours  a  des  techniques  analytiques,  num4riques,  et  h  la  technique 
de  Monte  Carlo.  Les  auteurs  comparent  ces  diverses  methodes,  leurs  limitations  ainsi 
one  les  r4sultats  auxquels  elles  ont  abouti,  et  examinont  leurs  possibility  dupli¬ 
cation  h  des  problemes  typiques  do  visualisation  soua-marine. 
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SUHMARY 

When  an  underwater  object  Is  viewed  by  a  submerged  Image  forming  optica)  system,  the 
quality  of  the  Image  Is  always  degraded  In  comparison  with  the  same  geometry  In  air.  This 
degradation  is  a  coo.pl  icated  function  of  the  scattering  of  the  water,  the  particles  In 
the  water,  the  absorbtion  of  light  along  the  path,  and  the  geometry  of  the  viewing  situation. 

In  recent  years  considerable  attention  has  been  given  to  expressing  and  predicting  this  degradation 
In  the  concepts  of  communication  theory  Instead  of  the  physiology  of  the  observer.  This  paper 
reviews  the  Introduction  of  the  ideas  of  communication  theory  Into  hydrological  optics,  and 
compares  the  various  experimental  and  theoretical  results  that  have  appeared  in  the  literature. 
Particular  attention  Is  given  to  three  recent  papers  dealing  with  the  theoretical  prediction 
of  the  modulation  transfer  function  of  seawater:  J.  R.  V.  Zaneveld  and  G.  F.  Beardsley,  Jr., 

J.  Opt.  Soc.  Amer.  <&,  378(1969);  W.  H.  Wells,  J.  Opt.  Soc.  Amer.  52.,  686(1969);  and  F.  Chilton, 

D.  D.  Jones  and  W.  K.  Talley,  J.  Opt.  Soc.  Amer.  22.*  891(1969).  These  three  papers  utilize 
analytic,  numerical,  and  Monte  Carlo  techniques.  The  methods,  limitations,  and  results  of 
each  paper  are  compared  and  the  applicability  of  each  approach  to  typical  submarine  viewing 
situations  Is  discussed. 


INTRODUCTION 


The  behavior  of  light  in  seawater  Is  governed  by  Its  electromagnetic  properties.  This 
behavior  cannot  be  predicted  on  a  theoretical  basis  due  to  the  extremely  complicated  electromagnetic 
structure  of  the  materials  suspended  a->d  dissolved  in  seawater. 


Therefore,  any  prediction  of  light  behavior  in  seawater  Is  based  on  some  empirically  defined 
functions  which  can  be  considered  known.  These  functions,  the  volume  scattering  function  and 
the  extinction  coefficient,  are  known  as  the  Inherent  optical  properties  of  seawater  as  they 
are  independent  of  the  actual  light  field.  In  the  ensuing  discussion  the  volume  scattering 
function  will  be  denoted  by  /Sty)  .  Jerlov  (1968)  defines  /5(jf)  as  the  radiant  Intensity  from 
a  volume  element  In  a  direction  ^  per  unit  of  irradiance  on  the  volume  and  per  unit  volume. 

The  total  scattering  coefficient  b  is  then  given  by: 


b- 


rV 


(i ; 


o 


where  XI-  is  a  solid  angle. 


The  extinction  coefficient,  c,  Is  the  internal  attenuance  of  an  Infinitesimally  thin  layer 
of  the  medium  normal  to  e  beam  of  light  divided  by  the  thickness  of  the  layer. 

"ihe  scatterers  in  seawater  fall  In  two  classes;  those  of  biological  origin  and  those 
of  geologic  origin.  The  biological  particles  have  a  refractive  index  very  simitar  to  that 
of  seawater.  A  significant  fraction  of  these  particles  are  usually  much  larger  than  the  wavelengths 
of  visible  light.  In  such  a  case  scattering  tends  to  be  peaked  very  strongly  In  the  forward 
direction.  The  particles  of  geologic  origin  have  refractive  Indices  substantially  different 
from  water,  but  are  usually  smaller  than  the  biological  particles,  and  hence  exhibit  scattering 
that  Is  less  strongly  peaked  In  the  forward  direction.  (Duntley,  1963;  Pak  et  al.,  1970). 

Pure  seawater,  free  of  all  suspensoids,  exhibits  a  volume  scattering  function  approaching 
that  of  pure  water  (Morel,  1966);  the  baekscatterlng  is  almost  as  important  as  the  forward 
scattering.  The  intensity  of  light  scattered  by  pure  seawater  in  tha  forward  region  is  only 
a  small  fraction  of  that  scattered  by  a  typical  seawater  sample  containing  suspensoids. 

The  light  transmission  properties  of  seawater  thus  depend  greatly  on  the  number,  size  and 
type  of  suspensoids  present. 


A  point  source  of  light  Is  the  most  elementary  light  source.  If  the  response  of  an  imaging 
system  in  seawater  to  this  light  source  is  known,  then  the  response  to  ell  other  light  sources 
can  be  predicted,  provided  the  light  source  Is  Incoherent  and  assuming  that  seawater  acts  as 
a  linear  operator  with  respect  to  contrast.  Thus,  a  target  may  be  broken  down  into  several 
parts,  and  each  part  can  be  acted  upon  independently  by  the  seawater.  The  final  image  will 
then  bft  tne  sum  of  the  several  parts.  The  quantity  which  may  be  summed  Is  the  contrast. 


*Thls  work  was  supported  by  the  Office  of  Naval  Research  -.ontract  N00014-67-A  0369-0007 
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The  problem  of  the  theoretical  prediction  of  image  degradation  in  seawater  then  is  to 
relate  the  Inherent  optical  properties  to  the  degradation  of  a  point  source  of  light  which 
in  turn  can  be  related  to  the  line  source  response  function  and  to  the  modulation  transfer 
function. 


THE  POINT  SOURCE  RESPONSE  FUNCTION 


If  the  quite  reasonable  assumption  of  linearity  of  contrast  is  made,  the  problem  of  describing 
the  Information  carried  by  light  in  seawater  is  greatly  simplified  as  linear  theory  may  then  be 
successfully  applied  (O'Neill,  1963).  Basic  to  this  theory  is  the  response  of  a  linear  system 
to  an  elementary  source.  This  response  is  In  various  fields  called  the  Impulse  response.  Green's 
function,  or  spread  function,  in  this  paper  we  will  call  the  image  degradation  by  a  seawater 
path  to  the  elementary  point  source  of  light  the  point  source  response  function,  or  more  simply 
the  response,  if  this  function  is  known,  the  response  of  seawater  to  all  tight  sources  may 
be  predicted  by  convolving  the  object  with  the  point  source  response  to  obtain  the  Image, 

In  our  discussion,  we  will  use  the  following  viewing  situation  (figure  1).  Let  the  coordinates 
In  the  object  plane  be  given  by  x'  and  y';  and  denote  the  distance  from  the  object  plane  per¬ 
pendicular  to  the  object  plane  by  2.  In  the  case  of  rotational  symmetry  about  the  2  axis  the 

distance  from  the  origin  in  the  object  plane  is  denoted  by  r. 

An  observer  located  at  a  point  B  on  the  2  axis  when  looking  at  a  point  in  the  object  observes 

a  light  intensity.  This  observed  intensity  varies  with  direction  of  observation,  where  each 
observation  direction  corresponds  to  a  location  in  the  object  plane.  Rather  than  use  the  local 
coordinates  at  the  observation  point,  we  will  use  the  coordinates  of  the  object  plane.  B(x,y,z) 
then  Is  the  tight  intensity  observed  a  distance  z  which  appears  to  come  from  a  point 

x‘,  y'  In  the  object  plane. 

“he  point  source  of  light,  PS,  is  defined  by: 

Ts  t x^y')  =  Sc-x'.y')  *  i  -x'=-o  „  */'  =  <=> 

-  o  diewUe.re 

The  response  at  a  distance  2  from  the  point  source  Is  P(x,y,z). 

We  then  have:  +  <*, 

T>Cx,y,z.')  *  fj  AttWio)  d*’  (2) 

Where  A  {x',y',o}  Is  the  object,  ano  B(x,y.z)  is  the  image. 


THE  MODULATION  TR.WSFER  FUNCTION  ANO  THE  LINE  SOURCE  RESPONSE  FUNCTION 


When  testing  a  linear  optical  cystem  if  a  tsst  pattern  Is  used  which  has  spatially  sinusoidal 
variations  af  Intensity,  It  Is  found  that  the  output  is  usually  a  sinusoidal  pattern  also, 
but  with  changed  amplitude  and  phase  (Coltmin,  1954).  Thus,  when  a  sinusoidal  input  is  used, 
a  strict  analogy  holds  between  optical  systems  and  electrical  transducers.  Clearly,  once  the 
response  of  the  system  to  alt  spatial  frequencies  is  known  the  output  of  the  system  can  be 
predicted  ev  analyzing  the  input  into  its  sinusoidal  Fourier  components  and  multiplying  by 
the  known  response  and  summing  the  results. 

Ws  define  the  modulation  transfer  function,  MTF(k,  z) ,  as  the  amplitude  of  the  sinusoidal 
response  to  a  chart  with  slnsusoidal )y  varying  spatial  frequency  k  and  unit  amplitude  at  a 
distance  z  from  the  observation  plane.  We  must  realize  that  the  MTF  doer  not  take  into  account 
any  possible  phase  shift  of  the  response  with  respect  to  the  target. 

For  most  image  transmission  systems,  the  MTF  is  dependent  on  the  wavelength,  and  seawater 
systems  are  no  exception.  For  reasons  of  notational  convenience,  the  explicit  dependence  of 
the  various  optical  properties  upon  wavelength  Is  not  shown  In  the  discussions  which  follow. 
However,  the  reader  should  keep  this  dependence  in  mind  and  realize  that  the  MTF  is  not  defined 
for  a  non-monochromatic  case.  Note  also  that  the  MTF  of  a  seawater  system  Is  unaffected  by 
the  presence  or  absence  of  scattered  daylight  (spacel ight) .  This  spacelight  may,  however, 
affect  the  performance  of  the  final  image-detecting  equipment.  For  this  reason  it  can  be  ' 
useful  to  compute  the  penetration  and  the  scattering  of  submarine  daylight  in  the  same  water 
types  for  which  the  MTF's  were  calculated,  as  in  Beardsley  and  2aneveld  (1969). 
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On*  previous  method  of  predicting  underwater  visibility  (Duntley,  I960)  requires  only  two 
measurements  of  the  optical  properties  of  seawater,  the  beam  extinction  coefficient  c  and  the 
diffuse  attenuation.  With  these  two  values,  the  range  of  detectability  of  a  target  of  known  size 
and  contrast  can  be  determined.  It  is  not  possible  to  apply  theso  charts  (In  their  present  form) 
to  optical  systems  other  than  the  human  eye.  This  method  also  falls  to  provide  Information  on 
the  resolution  of  image  details.  Both  of  these  shortcomings  are  eliminated  when  the  MTF  Is  known. 

Instead  of  using  sinusoidal  bar  charts  to  obtain  the  MTF,  It  Is  possible  to  use  the  response 
to  a  line  source  of  light.  The  line  source  of  light  can  be  represented  by  a  sequence  of  delta 
functions  along  x'«e  In  the  object  plane.  This  Is  denoted  by  $  (x1).  The  line  source  response 
function,  l(x,  z)  Is  the  observed  Intensity  at  Z  which  appears  to  come  from  a  point  x'  In 
the  object  plane.  We  can  use  the  fact  that  the  delta  function  contains  all  spatial  frequencies 
with  equal  amplitude,  so  that  Its  Fourier  transform  Is  1  for  all  frequencies.  Multiplying 
the  Fourier  transform  of  the  delta  function  Input  by  the  modulation  transfer  function  then 
gives  the  Fourier  transform  of  the  line  source  response  function.  We  thus  have: 

S'L  £('*">3  MTP •*,*■£!  (5) 

Where  S  (x)  Is  the  delta  function  defined  by: 

<5  (■<)  -  L  -for  -*  =s  o 

-  o  etsevslicj-e 

and  L  (x,z)  Is  the  response  to  the  delta  function  Input. 

The  Fourier  transform  of  a  delta  function  is  I  for  all  k  so  that: 

MTF  Ck,*.}  =  T  L  L.O/*)]  (4) 

This  may  be  Inverted  to  give: 


This  equation  Is  basic  to  the  prediction  of  underwater  visibility.  Since  the  response 
to  a  line  source  of  light  Is  a  function  only  of  the  volume  scattering  function  and  the  extinction 
coefficient  of  seawater,  It  then  follows  that  the  MTF  of  seawater  is  also  only  a  function  of 
these  Inherent  optical  properties.  Simple  geometry  then  permits  us  to  relate  the  tine 

and  point  source  response  functions  as  follows  (Jones,  1958): 


LC^jZ.)  *  J  (.«■*-**>  /l  r«ir 


This  equation  can  be  inverted: 


f _ _  cl* 

v  K  ‘  *  v  Tr  J  *o*~r»y/z 


If  we  now  replace  l(x,z)  in  equation  (6)  by  expression  (6)  and  reverse  the  order  of  Integration 
we  obtain  an  expression  for  the  MTF  In  terms  of  the  point  spread  function: 


hTFCM)  =  2.TT  J"  'PC*".*-)  X  CSLirk  ,->t- At  \w  ' 

-T-  O 

where  Jo  Is  the  Bessel  function  of  the  first  kind  and  zero  order.  Equation  (8)  has  the  form 
of  a  Hanket  transform,  and  so  may  be  inverted: 


•p  (r.z)  =21 r  J* 


From  the  above  development  we  see  that  optical  image  degradation  may  be  entirely  spoclfied 
by  any  one  of  the  three  functions:  MTF  (k,i),  P(r,z)  or  l(x,z).  Once  on*  of  these  functions 
Is  determined  the  other  two  are  also  specified.  The  six  equations  relating  the  three  functions 
have  the  relationship  shown  in  figure  2. 

Equation  (7)  is  not  easy  to  use  in  practice.  Marchand  (1964)  has  shown  a  more  practical 
graphical  method  to  obtain  the  point  spread  functioh  from  the  line  spread  function. 


DISCUSSION  OF  PAPERS 


W*  will  now  review  the  methods  of  three  recent  papers  which  have  calculated  the  Image 
degradation  of  seawater  by  either  obtaining  the  HTF  or  the  point  source  response.  The  papers 
will  be  reviewed  In  chronological  order: 

paper  I  J.  R.  V.  Zaneveld  and  G.  F.  Beardsley,  Jr.,  Opt.  Soc.  Amer.  5J3_,  378  (1989). 
paper  2  U.  H.  Wells,  J.  Opt.  Soc.  Amer.  688  (1969). 

paper  3  F.  Chilton,  0.  0.  Jones,  and  W.  K.  Talley,  J.  Opt.  Soc.  Amer.  jij},  891  (1969). 

Paper  I  uses  a  numerical  method  to  solve  the  equation  of  radiative  transfer  for  a  plane 
parallel  ocean.  This  Implies  that  the  llghtfleld  at  a  given  depth  Is  Independent  of  location. 

In  order  for  the  method  to  be  useful  for  the  hTF  calculations,  it  must  be  assumed  that  the  target 
Is  located  at  t  *  -  oo  .  The  seawater  system  then  occupies  a  volume  extending  from  z  *  0  to 
z  *  «•  ;  •«<«<«•  ,  _oo<v<«w  The  observing  system  Is  located  on  the  z  axis  at  z  ■  z0 
(figure  3). 

The  solution  for  the  llghtfleld  as  a  function  of  depth  Is  obtained  by  conceptually  dividing 
the  ocean  Into  thin  slabs.  It  Is  assumed  that  each  slab  is  so  thin  that  multiple  scattering  Is 
not  Important  in  the  slab.  For  each  case  of  single  scattering,  a  transmission  operator  T(  •  ) 
can  be  calculeted.  When  T  (•  )  operates  on  the  llghtfleld  entering  the  thin  slab,  the  llghtfleld 
leaving  the  thin  slab  Is  obtained.  Thus,  if  the  ocean  is  divided  Into  N  thin  slabs,  the  final 
llghtfleld  Is  then  approximately  given  by  operating  T(  •  )  N  times  on  the  llghtfleld  Incident 
at  the  sea  surface.  For  the  purpose  of  calculations ,  the  Icident  light  field  was  taken  to  he 
an  edge  gradient  I.  e.  a  target  which  Is  half  white  and  half  black.  The  line  source  response 
then  Is  the  derivative  of  the  edge  gradient  response.  When  viewing  the  edge  gradient  through 
a  seawater  path.  It  Is  *ound  that  the  response  can  be  closely  approximated  by  an  arc  tangent 
function  when  looking  at  the  response  close  to  the  Z-axts.  The  derivative  of  this  arc  tangent 
function  Is  the  line  source  response  function.  The  fourler  transform  of  the  derivative  of  the 
edge  gradient  response  then  Is  the  HTF.  If  the  edge  gradient  response  is  an  arc  tangent,  then 
one  finds:  , 

MTF  (k.*)  *  e~  A-W’  U°) 

Where  kg  (z)  depends  cn  fily)  and  c  as  well  as  depth,  kg(z)  can  be  calculated  from  the  edge 
gradient  response.  '  0 

Using  the  method  outlined  above,  computer  calculations  of  kg  (z)  were  made  for  various 
shapes  of  /3(\A,  and  different  values  of  c  and  z. 


Paper  2 

The  paper  obtains  an  analytical  expression  relating  the  HTF  and  the  volume  scattering 
function.  This  relation  Is  derived  by  considering  the  change  In  the  point  source  response 
function  when  a  slab  of  scatterers  Is  added  (see  figure  4). 


The  resultant  equation  is  in  the  form  of  a  convolution  which  may  be  solved  using  two 
dimensional  Fourier  transforms,  fhe  result  Is  extended  to  the  case  of  many  thin  slabs,  which 
after  some  manipulation  gives: 


,  C  Q<Vc.z‘)  -  Sc3  at 

HTF  O.z}  =  e 

w 

QW)  ft  Hvr  j"  U(e)  T  (a-rrnj.  e)<Le 

w 

+  ° 

Kis) 

c.  St' 

St  =.  j  ^ 

(IV 

o 


&  ^ 
o 


Where  ft*  Is  the  solid  angle  corresponding  to  a  cone  with  half-angle#; 
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1|)  ■  kz  Is  the  angular  spatial  frequency  In  cycles  per  radiance  as  observed  at  a  distance 
x  from  the  target,  is  a  limit  set  either  by  a  restricted  field  of  view  or  by  the  small 
angle  approximation.  In  seawater  Is  highly  peaked  in  the  forward  direction  so  that  the 

errors  tn  S.  and  will  probably  be  small  even  when  using  the  small  angle  approximation. 


even  when  using  the  small  angle  approximation. 


-■a,.*- 

Equation  (12)  shows  that  the  MTF  for  any  frequency  decays  at  most  like  e  .  This  decay 
Is  due  to  all  light  scattered  between  the  angles  o<®<.-^  as  can  be  seen  from  equation  (15). 

The  light  scattered  at  angles  greater  than  &  Is  Ignored.  Some  of  the  scattered  light  still 
retains  Imaging  properties  If  the  scattering  angle  Is  not  too  large.  This  part  of  the  light 
Is  restored  to  the  MTF  through  the  term  *  .  Q  Is  a  monotonlcally  decreasing  function 

going  to  zero  for  high  frequencies  and  going  to  $t  for  zero  spatial  frequencies.  Thus  for 
high  spatial  frequencies  ell  light  scattered  loses  Imaging  properties  whereas  for  zero  spatial 
fraquency  HTF(O)  »  I,  so  that  the  function  is  normalized  In  that  manner. 


£S£ SUL 

Here  again  an  Infinite  homogeneous  medium  with  e  point  source  of  pnotons  at  *  »  0  Is 
considered.  Given  the  cosine  of  the  Initial  flight  angle  of  a  photon (yu„,  the  probability, 

P0  (Z,y(*.0),  of  a  first  scattering  occurring  in  the  Interval  (z,  z  ♦  dz)  Is 

P.  ,  j  ^  (i5) 

Then  for  a  certain  flight  path,  I.  e.  a  sequence  of  :n.  scattering  events,  each  with  a  flight 
angle  characterized  by  Its  cosine  ju\  ,  the  probability  density  for  an  (n  +  I)  st  scattering 
at  z,  Pn(  ?  ,  ..  ^ „  ),  given  that  for  the  nth  scattering  Is  given  by: 

j  •  j/4-)  **  |  J~  dz.'  C  ~  «=  ^jeix  (4^) 


this  equation  may  be  solved: 


T\,  (  ■  •  >/*»)  =  \  21 


Uiera  the  Dj  n  and  8  ;  are  functions  of  the  flight  path ,  ..  ...  Tl.e  P_  are  calculated 

at  a  particular  depth  for  many  flight  paths,  the  scattering  cosines  being  drawn  randomly  from 
an  appropriate  dfstrlbut'on,  and  the  average  over  these  paths  Is  P„(*)>  the  probability  density 
for  the  (n+l)st  scattering  at  z.  The  total  scattering  density  et  any  position  Is  the  sum  over 
all  °n's. 


(^lS) 


The  flux  of  photons  <^>.(z)  and  the  scattering-density  functions  are  related  by: 


{Zo) 


The  angular  distribution,  w.Cz) ,  as  a  function  of  position  Is  then  found  by: 


jE  4;  ^  ’ 

Thus  the  cosine  after  the  Ith  collision  Is  weighted  by  the  flux  of  photons  that  have  suffered 
i  collisions,  the  weighted  cosines  are  summed  over  N  collisions,  end  the  total  is  then  divided 
by  the  total  flux  at  that  position.  Those  photons  undergoing  more  than  H  collisions  contribute 
an  Insignificant  amount  to  the  total  flux  and  are  ignored. 
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DISCUSSION  AND  RESULTS 


Each  of  the  calculation  methods  outlined  in  the  previous  sections  has  Its  theoretical 
and  practical  limitations.  The  viewing  situation  In  paper  I  wilt  not  often  by  encountered 
In  practice.  For  large  distances  from  the  origin  the  approximation  of  a  target  a  z  •  should 
be  less  troublesome.  Furthermore,  the  edge-gradient  response  In  the  near-forward  direction 
was  approximated  by  an  arc  tangent  function.  Although  this  function  fits  the  data  well.  It 
essentially  corresponds  to  a  small  angle  approximation,  as  for  angles  greater  than  20°  from 
the  forward  direction  the  approximation  becomes  inaccurate.  A  proolemwith  the  comparison  of 
these  methods  lies  In  the  lack  of  experimental  data.  Until  such  data  is  available,  no  real  test 
of  these  methods  Is  possible. 

The  limitation  In  paper  2  lies  In  the  use  of  the  small-angle  approximation.  The  error 
this  approximation  introduces  probably  is  small,  but  cannot  be  accurately  piedlcted  until  a 
comparison  with  experimental  results  Is  available. 

A  limitation  of  both  papers  1  and  3  is  that  a  separate  HTF  must  be  calculated  for  each 
range,  whereas  paper  2  predicts  the  behavior  of  the  HTF  as  a  function  of  z. 

A  problem  with  the  prediction  of  underwater  visibility  is  the  necessity  for  accurate  measure¬ 
ment  of  the  volume  scattering  function  especially  in  the  near-forward  direction.  Although 
visibility  In  general  is  deteriorated  by  scattering,  near  forward  scattered  light  still  retains 
some  Imaging  properties.  Thus  It  Is  imperative  to  know  the  small  angle  scattering  properties 
of  seawater.  This  makes  comparison  wi th  experimental  results  extremely  difficult.  Only  a 
few  attempts  have  been  to  directly  measure  the  HTF  or  the  line  source  response  in  a  seawater 
viewing  situation.  (Replogte  and  Steiner,  1969;  Replogle  1966).  These  results  cannot,  however, 
be  directly  related  to  the  theoretical  prediction  of  visibility  due  to  insufficient  measurements 
of  the  inherent  optical  properties. 

A  theoretical  prediction  of  visibility  can  now  be  made  only  on  the  basis  of  an  experimental 
measurement  of  the  volume  scattering  function,  but  any  prediction  is  linked  to  the  experimental 
difficulty  In  measuring  near-forward  scattering.  On  the  basis  of  a  Hie  -  scattering  model,  Plass 
and  Kattewar  (1969)  have  used  a  volume  scattering  function  that  corresponds  to  those  measured  in 
seawater  for  the  larger  angles.  This  model  might  be  fruitful  in  predicting  forward  scattering 
In  seawater.  It  may  well  be  that  eventually  visibility  will  be  easier  to  measure  experimentally, 
from  which  near-forward  scattering  can  then  be  predicted. 
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Fig. 1  Underwater  viewing  situation 
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Junctional  relationships  of  the  modulation  transfer  function  (MTF).  the  point  source 
response  function  <P),  and  the  line  source  response  fuoctioniLi 
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image  plane. 


Fig. 3  Geometry  of  the  viewing  situation  used  by  Zaneveld  and  Beardsley  (1969)  for 
modulation  transfer  function  calculations.  The  edge  gradient  target  is 
visible  in  the  object  plane 


Fig. 4  Geometry  for  derivation  of  the  modulation  transfer  function  from  the  volume  scattering 
function  as  used  by  Wells  (1969).  The  point  source  response  function  Pj(r,z) 
(narrower  of  the  two)  spreads  to  give  P,(r,z)  when  additional  scatterers  are 
added  in  the  slab  of  width  A 
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SUMMARY 

The  Naval  Photographic  Center  has  aponaored  underwater  optical  studies  and  the  development  of  a  nun- 
bar  of  Concentric  Dome  lenaes  for  16oa  notion  picture,  35m  and  70nm  format  atill  picture  caneraa. 

This  report  daacrlbaa  validation  tests  of  these  developments.  Tests  were  run  on  an  Underwater  Cali¬ 
brator  at  the  Naval  Photographic  Center  and  compared  with  the  plane  parallel  window  with  an  air  leu* 
and  the  Corrector  approach.  Design  criteria  are  dlscusaed  for  lens  selection  depending  on  the  partic¬ 
ular  application.  Test  results  Indicatsd  that  lenses  designed  specifically  fur  underwater  photography 
outperform  air  lenses  adaptsd  for  underwater  Imaging.  Resolution  and  distortion  for  water  lenses  was 
superior  for  wide  angle  coverage.  The  Corrector  and  Concentric  Dome  approach  resulted  In  similar 
results.  The  Concentric  Dome  has  be'.ter  structural  strength  than  any  plane  parallel  window  or 
corrector . 

INTRODUCTION 

Recent  advances  in  the  development  c..r  underwater  photo-optical  instrumentation  required  a  closer 
Investigation  Into  the  design  concept,  testing  and  selection  criteria  for  application.  Theory  has 
long  -'acceded  the  actual  design  and  construction  of  underwater  optics  and  their  component  parts. 

This  development  has  resulted  In  three  basic  approaches  for  underwater  Imagiu*:  the  plane  parallel 
window  with  an  air  lens,  the  Ivanoff  Corrector  with  an  air  ler.s,  and  the  Concentric  Dome  Window  with 
a  lens  designed  for  underwater  photography.  Along  with  this  development,  several  questions  have 
arisen;  how  could  theory  be  verified  In  the  laboratory  prior  to  actual  uae  and  how  did  the  results 
determine  the  selection  of  the  sy3.'em?  This  presentation  reviewed  some  of  the  theory  of  primary 
concern  to  tha  optical  designer  end  consequently  verified  these  theories  under  actual  laboratory 
tests  with  consideration  given  to  the  method  of  testing,  final  performance,  and  design  consideration 
for  the  selection  of  a  particular  optical  system. 

INTRODUCTION  TO  THEORY *7  ' 

Oblique  rays  of  light  refract  at  the  Interface  of  two  media  with  different  indeces  of  refraction. 

The  refracting  angle  varies  with  the  wavelength  of  light  causing  color  dispersion  or  color  dlstortlon(Flg.l) 
Where  e’  Is  a  function  of  \  '.wavelength).  Now  let  us  consider  an  object  y  sml  image  y'(Fig.2) 

In  order  that  ti;e  object  y  and  the  Image  y'  are  in  an  analogous  relation  to  each  other, the  ratio 
between  y  and  y'  Is  to  be  constant: 

X'  _  .  tan  0'  _  _ 

y  tan  0 

el"  9*  „  r  «  constant  tan  0* 

but  since  sin  0  ‘w  constant,  according  to  the  law  of  refraction,  trn  0 

cannot  be  constant  but  will  vary  with  the  angle  0  .  This  variation  means  that  the  larger  the 

incident  angle,  the  more  distorted  will  be  the  Image.  This  linear  distortion.  Increasing  with  larger 
angles  of  0  ,  results  In  color  fringes  due  to  the  var-.ng  Index  of  refraction  of  white  light  as 

a  function  of  X  (wavelength).  By  observing  objects  towards  the  edge  of  a  color  transparency, 
there  Is  a  red  fringe  on  the  Inside,  and  a  blue  fringe  on  the  outside  of  th<-  picture  with  the  rest  of 
the  spectrum  In  between.  On  black  and  white  film,  this  will  appear  as  a  blurrsi  i«age  with  lo»»  of 
dstall  or  resolution;  consequently,  the  higher  the  chromatic  aberration  uf  *  rf  ...o-optical  under¬ 
water  system,  tho  lower  the  overall  resolution.  This  la  analogous  to  alt  systems. 

Angular  coverage  of  an  air  lens  Is  reduced  due  to  the  Index  of  refraction  of  water.  Water 
attenuation  and  particle  scattering  limits  underwater  photography  to  close-up  work.  Most  underwater 
photography  le  done  at  distances  not  exceeding  30  feet  (10  meters)  except  where  water  is  quite  clear. 

In  order  to  get  any  amount  of  coverage,  wide-angle  underwater  optics  are  preferred.  On  the  other 
hand,  the  wider  the  angular  coverage,  the  more  chromatic  aberration,  distortion  and  Image  plane 
curvature  resulting  in  lose  of  Information.  In  general.  It  can  be  stated  that  some  distortion  of  the 
Image  with  any  air  lens  la  unavoidable. 

THEORY 

A.  CHROMATIC  DISTORTION  ) » ^ ) 

From  the  lav  of  refraction: 

itySlody  ■  ngSinOg  •  na-»inOa 
or  nyOln0u  ■  nasin@a 

The  aubecrlpta  v,g,  and  a  stand  for  water,  glass,  and  air  respectlvaly.  A  glass  lntarface, 
separating  water  from  the  air  lens  does  not  esust  any  problems  as  long  as  the  object  Is  at  Infinity 
or  the  object  is  far  and  the  thickness  of  the  glass  la  thin. 

However,  at  finite  conjugate  distances,  we  have  to  consider  the  following  relationships: 
nursin0w  *  sinOar 
or  nybslnOy  ■  sinOg), 

whert  subscripts  b  and  r  refer  to  red  and  blue  light.  This  different*: Ion  between  colors  is 
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necessary  becauie  >V  •  f  (X)  therefore  »lnfcab  -  sinter  »  (nub  -  nwr)  sin6w 

which  indlcatea-that  this- relationships  depends- on  6  In  water;  thualy,  fhs'largsr  _>Vv  *>'“!*  6 

the  larger  the  chromatic  aberration. 

R»  DISTORTION 

Looking  at  a  subjt.t  y,  Pig.  2  at  an  angle  e  ,  It  will  refract  In  a  direction  6’  forming 
an  iae^e  y 1 .  If  o  n  6  1*  proportional  to  tan  O'  aa  In  Fig.  2,  the  apparent  site  will  be  analo¬ 
gous  to  actual  alae. 

sln8' 

tanS 1  ■  CQS81  “  atnfi'  cos8 
tan9  ^  ln6  sin&  coa6' 
os8 

however,  previously  we  said  that:  nwsinO  »  clnd' 


therefore:  J£2L'»  n«  .  8U<  6a 

tane  cose' 


nw  «  constant  for  given  water  temperature,  pressure  and  salinity,  but  0  and  e'  change 
due  to  the  equation  r\,8in0  *■  slnS* 

therefor  t  — S-- ,  cons  tent 

cos8* ' 

and,  tan  8'  Is  not  proportional  ro  can  8  .  The  distortion  of  the  subject  le  proportional 

to  CO80  ,  which  changes  with  0 

cos3T 

Distortion  can  be  expressed  as: 

£22.. 100  -  /i££®  -  l)«100Z  If:  ^2.,  >  1  Then:-—.  -  1  >  0 

y  0  ^cos8'  /  cosO'  cosB* 

which  means  that  distortion  is  always  positive. 

C.  PICTURE  ANCLII 

The  angle  Incidence  Is  reduced  by  the  Index  of  refraction  of  the  media.  Some  Immediate  solutions 
to  the  above  mentioned  problems  would  be  to  replace  the  glass  window  by  either  a  concave  lens  to  kewp 
8  «  8'  which  would  keep  the  angle  the  same  but  would  have  structural  daflclanclaa,  or  usa  a 
spherical  boundary  surface  with  its  center  coincident  with  the  principal  point  or  the  entrance  pupil 
of  the  lens.  Then  there  would  be: 

No  refraction 
Same  Anglo 
No  distortion 
Mo  chromatic  aberration 

Since  a  curved  surface  gives  a  cur-zed  picture  and  tha  entrance  pupil  Is  not  a  point  but  of  finite 
physical  else,  the  lens  will  still  have  to  correct  for  those  problems. 

Let  ua  consider  the  Individual  opt  .cal  designs  presently  used  for  underwater  Imaging. 

1.  Plane  Parallel  Port 

The  advantage  of  such  a  system  Is  that  conventional  photographic  aqulpment 
can  be  used  with  some  sort  of  housing  to  separate  camera  from  water.  The  angular  coverage:  ie  fenced 
to  approxluately  3/4  of  the  original  lens  angle.  This  system  has  1.  e  or  no  distortion  as  long 
as  cobs  s  !  chromatic  aberration  will  also  bs  low. 

cose'  However  the  useful  picture  angle  would  he  llmltod  to  less  than  20*.  Largar 

angular  coveraga  would  result  in  chromatic  aberration,  distortion  and  loss  of  resolution. 

2.  Plane  Parallel  Port,  using  an  achromatic  window  of  two  types  of  glass  with 
the  same  lnucx  of  refraction  but  different  color  dlspe"sion.  The  cemented  surface  has  to  be  properly 
curved  such  that  8je(j  •  6£lue  If  some  distortion  Is  permissible,  a  sharp  image  can  be  obtained  alnce 

there  Is  no  chromatic  aberration.  This  system,  however,  cannot  correct  for  distortion.  Angular 
coverage  Is  still  reduced  by  approximately  0.75. 

3 .  Concave  Lens 

This  approach  with  proper  glass  selection  can  correct  for  distortion  and 
chromatic  aberration  if  the  lens  Is  redesigned.  The  physical  construction  of  such  a  system  is 
however  very  Impractical  due  to  high  underwater  pressure:. . 

4.  Lens  system  lr.  combination  with  a  Telescope  System. 

The  picture  angle  O'  Is  reduced  by  nw  getting  8  In  water. 
Mathematically  the  angle  reduction  is: 

TanO  «  ~‘c-°s6' -tonO1 
ny.cosO 

Therefore  is  we  use  a  telescope  with  a  magnification  of 

•  £225-.  ,  the  picture  should  be  the  same  as  In  sir, 

n,j  •  cosO ' 
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corrrctlon  for 


Th«  telescope  Iteelf  needs  a  msgnlfication  of  .L.  and  a  dla torsion  of  £2f!L 

By  r.osO 


A  Galileo  typo  t' lescopj  la  suggested  because  of  airnle  construction  and  eerier 
aberration*.  Even  though  the  magnification  will  be  slightly  different  for  _L_ 

«w 


the  distortion  :an  probably  be  ellnlnated. 

This  system  led  to  the  Ivanoff  Corrector  which  at  present  tine  is  the  most  widely 
used  corrected  ays  tea- (See  .  Ig.  2A) 

5.  Concentric  Lens 

When  tre  front  nodal  point  nf  the  taking  lens  Is  brought  to  the  center  of  tbs 
concentric  lens,  rays  directed  toward  the  center  of  the  dome  are  normal  to  the  concent! Ic  surface  and 
therefore  ere  not  refracted,  dlepereed  or  dletcrtad,  also,  the  angular  coverage  of  the  taking  lena 
Joea  not  change.  This  pevaits  extreme  wide  angle  photography.  The  concentric  lena  produces  a  virtual 
and  spherical  Image  which  la  recorded  by  the  taking  lens  on  flla.  "ee  Fig.  2B. 


In  practice,  the  entrance  pupil  which  is  ot  aone  pretest  dimension,  must  be 
at  the  center  of  the  done  radlua.  The  taking  lena  ttuut  be  able  to  compensate  for  the  e,.her\cal  iuage 
before  recording  on  filn.  The  degree  of  curvature  of  the  Image  is  proportional  to  the  radius  of  the 
concentric  done. 


Preliminary  Conclusions 

For  underwater  photography  covering  nore  than  20  degreec,  zone  changes  have 
tc  be  made  for  optical  correction,  it  actually  Is  prsferred  to  have  the  optical  system  designed  only 
for  underwater  photography,  not  air  photograph  Included • 

TESTS  AMP  RESULTS 


Three  basic  types  of  underwater  lane  systems  were  tasted  for  comparative  analysis  along  with  lenses 
used  In  air  (4), (5),  (6).  The  three  approechee  ware  the  plane  nar.nl lei  port,  the  Ivsnoff  Corrector 
and  the  ConcenCtic  Done.  In  addition,  the  h  -kins  45mm  f/4.5  underwater  lens  was  evaluated  since  It 
wee  specifically  designed  for  underwater  photography  using  the  plane  parallel  port  approach  with  the 
t iking  lena  designed  to  compensate  for  this  prob'o*.  All  teste  were  performed  under  controlled 
laboratory  conditions. 

The  Instrument  used  to  teat  underwater  camei.ns  was  so  underwater  camera  calibrator.  Sae  Flg.2C.  The 
Calibrator  (7)  la  a  precision  instrument  that  provided  a  known  angular  array  of  t.cgota  to  be  photo¬ 
graphed  by  a  camera  undar  teat.  The  Images  of  the  targets  vne  then  read  and  meatured  to  yield  the 
neceasary  data  for  the  determination  of  focal  length,  distort  ton,  and  resolution.  Generally,  the 
targets  of  a  camera  calibration  limirument  are  located  at  optical  infinity;  however,  ‘he  images  pre¬ 
sented  to  the  camera  b7  the  Underwater  Camera  Calibrator  may  be  set  for  any  distances  from  a  feet  to 
Infinity.  Thus,  a  camera  focused  at  10  feet  can  be  tested  with  a  ten  foot  object  distance.  The  angles 
between  the  targets  were  7  1/2  degrees  at  all  object  distances. 

The  purpose  of  the  Cir.era  Calibrator  was  to  provide  precise  reference  direction  angles  of  Its  targets 
whereby  the  interior  orientation  of  e  camera  may  be  determined  from  the  measurements  made  between  the 
recorded  Images  of  the  targets.  Resolution  wss  determined  from  resolution  targets  In  each  collimator. 
The  film  distance  between  the  Image  of  the  central  rsference  point  and  the  image  of  any  other  refer¬ 
ence  point  divided  by  the  tangent  of  the  corresponding  angle  was  equal  to  the  Image  distance. 

Distortion  can  be  calibrated  as  In  Fig.  2D.  When  the  collimators  wsra  set  for  Infinity  the  focal 
length  wet  determined. 

Ic  the  first  series  of  tests,  resolution  (8)  and  distortion  was  maasured  for  air  lenses  wh<c' 
subsequently  were  used  in  the  Underwater  Car* tv  Calibrator  with  an  optical  flat  simulating  a  ,m  >no 
parallel  port.  The  air  lansas  were  tasted  in  an  Air  Camera  Calibrator  based  on  tha  same  principle 
at  tha  Underwater  Camera  Calibrator. 


TABLE  I 

~7T>~ 

Resolutlon  (L/m) 


1  Sumieron  35rm>  f/2  i 

1  Super -Anaulon  21mm  f/3.4 

AIR 

H2  0 

AIR 

H2  6 

Angle 

Off-Axle 

R*  T* 

R  T 

R  T 

R  T 

0* 

56  5?  H 

56  51 

68  68 

53  53 

7.5* 

56  5? 

51  33 

68  68 

43  60 

15* 

39  39 

33  21 

66  66 

33  43 

5275* 

56  56 

35  33 

(1)  ’’or  35wt  Format 


(*)  u.’dia  and  Tangential 

TABLE  II 

Til — 

Hopkins  45mm  f/4.5 


Angle 

Off-Axle 

R 

T 

0* 

65 

65 

7.5* 

65 

65 

15* 

57 

46 

22.5* 

61 

38 

(1)  35m  Format 
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Table  I  g .we  rtdiil  »r/J  tangential  resolution  of  two  off-thc-ehelf  lenoes  lr.  al'  as  well  as 
in  wiser.  Exposures  v«e  made  with  e  teles  M-2  ctoiei‘3 ,  using  Kodak  Panntonic  X  panchromatic  film  at 
ASA  32.  «nv5  developed  according  to  manufacturer*  specif isatlons.  The  angles  were  measured  from  t^e 
optical  axis  cut  towards  the  edge  of  the  picture  format.  Table  I  shows  readily  that  the  air  lens  did 
not  perform  well  In  water.  It  was  also  noticable  that  air  lenses  developed  strong  astigmatism  tv. 
water.  On  exis,  resolution  should  have  been  the  same  but  due  to  dispersion  of  the  Interface  between 
water,  glass,  and  air  there  was  a  slight  loss.  Micio  photographs  showed  the  effect,  of  chromatic 
aberration. 


The  first  picture  was  the  target  on  axis,  wfcareap  picture -number  two  was  the  target  3;  degreen  off- 
axis.  "The  color  fringes  were  quite  apparent  and  according  to  theory.  Additionally,  the  image  was 
distorted  to  form  an  approximate  ellipse  and  theoretically  nhould  have  be-on  circular  as  the  target 
on-sxls.  Picture  Mo.  3  was  a  blow  up  micro-photograph  of  the  cross  section  of  the  outet  ring  of 
y’iture  No.  2,  and  presented  to  the  viewer  the  complete  vicihi.»  spectrum  because  of  -hanging  refrac¬ 
tive  Index  as  a  function  of  w-’velength.  Picture  No.  4  •..•ns  a  further  demonstration,  tic*',  -wen  the 
most  highly  corrected  air  lenses  did  not  perform  satisfactorily  in  water.  This  picture  wen  taken 
with  o  66mm  c/2  apochromat  with  the  target  only  7  1/2  degrees  off-axis.  No  matter  how  well  a-,  air 
lens,  in  combination  with  a  parallel  port,  was  corrected,  .‘here  will  always  be  Chromatic  distortion. 

Table  II  ' ‘stea  th  • eselution  of  the  Hopkins  45mm  f/4.5  underwater  lens.  Resolution  was  good  for  all 
practical  purposes  out  this  lens  developed  some  astigmatism  Cowards  the  edge  of  the  picture  format. 

If,  howevcf,  this  focal  length  and  aperture  is  satisfactory,  Chls  lens  --suld  have  been  preferred  over 
the  o'-k  counterparts. 

Fig.  3  was  the  distortion  characteristic  of  the  fuper-Angulon  in  air  and  in  vatt:  with  the  distortion 
curve  of  the  Hopkins  lens.  The  tiopV'—  lens  tn»«.  t? ce1’»-t  out  to  about  13  degreea  tvtlssisj  by  a 
sudden  negative  distortion  but  still  reasoneo.'y  then  comp.w-d  air  lenses. 

The  next  series  of  tests  were  to  compare  the  piano  parallel  port  to  the  concentric  dome  wind'  v .  The 
two  lenses  selected  covered  90  degrees,  one  designed  for  air  and  the  other  toi  i  ideVwstar  pt  cography. 
Table  III  gave  the  resolution  data.  The  C  88  air  lens  was  used  with  a  Kr  28E  70.™  format  t  i*era  and 
a  piano  parallel  port;  the,  C  201  was  used  with  an  underwater  Hasselblaa.  Exposures  wore  ir  Je  or. 

Kodak  Panatomic-X  film  and  developed  according  to  manufacturer,  specifications.  Again  the  difference 
was  quite  apparent.  Astigmatism  towards  the  edge  of  the  format  caused  complete  loss  of  resolution  . 
the  tangential  direction. 

TABLE  I IT 

(1) 


Resolution _ _ (L/mm) 


Angle  Off-Axis 

1  o* 

r  7.5s  ■"] 

15v 

i  2237“  I 

[  30° 

Position 

R 

-T 

r  *  7.1 

L* 

T 

R 

T 

R 

T 

Elcan  C88 

29 

29 

Li?- 

33  ' 

55 

2- 

29 

20 

33 

0 

Elcan  C201 

77 

77 

CT* 

(  *  » 

43 

35 

49 

31 

6? 

43 

(1)  70rm  Film  Format 


Fig.  4  gave  the  distortion  characteristics  ami  Pictures  5  through  10  showed  the  dlffererq-  3n-im>fv 
recording  of  the  two  systems  out  to  30  degrees  off-axis. 


The  last  series  of  tests  was  to  compare  the  Ivancff  Corrector  with  *  Concentric  Dome  systems  approach. 
In  this  cose  the  optics  of  the  underwater  camera  was  speclcally  designed  for  underwater  photography 
taking  into  consideration  some  of  the  adverse  optical  effects  in  water.  In  order  to  avoid  any 
limitation  of  performance  put  on  the  lens  by  either  tile  choice  of  film  or  camera,  it  was  decided  to 
test  the  lenses  indeper-dtly  using  Kodak  High  Resolution  Plates.  The  focal  lengths  of  the  lenses 
were  calibrated  prior  to  resolution  and  distortion  measurements.  The  Ivanoff  Corrector  was  used 
with  a  10.2  f/1.6  Switar  and  the  Concentric  Dome  Window  Itns  was  the  8.9mm  f/2.4  Elcan  manufactured 
by  E.  Leltz,  Canada  Ltd. 


TARLE  TV 

(D 


Angle  Off-Axis 

0* 

r 

-uv 

1  ^ 

! 

15* 

22.5* 

30* 

Elcan  8.9im  f/2.4 

206 

238 

386 

434 

405 

Switar  10. 2mm  f/1.6 

i  210 

232 

405 

.s’.  A. 

N.A. 

(1)  15  mm  Motion  Picture  Format 


TABLE  V 

_ _ _ RESOLUTION _ _  (L/mre) 

Angle  Off-Axis _ <£. _ 7_.5^ _ 13* _ 

Elcan  IC-ara  f/2.4 _  96 _ 129 _ 176 _ _ 

(1)  16mm  Motion  Picture  Format 


fablelv  gave  the  resolution.  At  this  time  figures  of  resolution  beyond  13  degrees  off-axis  were  not 
available  because  the  mechanical  configuration  prevented  measurements  further  out.  However,  in  gen¬ 
eral  both  systems  performed  very  much  alike  in  resolution  and  dlstrotion,  Fig.  5. 

Table  V  gave  resolution  of  another  concentric  dome  system  using  Kodak  Micro-file  film  witn  an  N-9 
camera  in  a  system.  Resolution  was  excellent  and  pictures  11  and  12  showed  the  difference  in  recod¬ 
ing  of  the  concentric  dome  versus  a  standard  air  lens  wish  a  piano  parallel  port. 
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DISCUSSION  OF  RESULTS 

In  gunvcal  it  -an  be  said  .'hat  the  practical  tssta  followed  the  theory.  The  difference  of  air 
systems  adopted  for  underwater  dioto^raphy  as  compared  to  designed  underwater  optics  Is  obvious. 
Distortion  and  loss  of  resolution  for  air  systems  covering  more  than  20  degrees  limits  the  applica¬ 
tion  of  those  systems.  As  a  matter  of  fact  a  total  ang-.tlar  coverage  of  10  degrees  is  more  realistic. 
Optima  developed  specifically  for  underwater  Imaging  showed  results  corresponding  to  air  lens  per¬ 
formance.  Ths  Ivacoff  Corrector  and  the  Concentric  Dome  approach  are  sound  as  far  ss  optical  per¬ 
formance  la  concerned.  However,  before  coming  to  .■  raa'.-  decision  It  is  necessary  to  look  further 
into  the  design  of  the  three  basic  approaches  before  avoiding  on  a  final  choice  of  optics. 

DESIGN  CONSIDERATION  FOR  LENS  SELECTION  (9), (10) 

For  general  underwater  amateur  photography  with  limited  plctu-e  angle,  an  sir  lens  combination  would 
be  suitable  In  most  cases.  However,  as  soon  as  the  underwater  photo  system  was  used  for  photogram- 
metric  purpoaes  or  where  Image  size  must  be  correlated  to  object  size,  a  standard  air  lens  would  he 
insufficient.  We  know  that  the  Index  of  refraction  of  water  varies  with  wavelength,  temperature, 
pressure  and  salinity,  for  example,  see  Fig.  6. 

low  doth  the  variability  of  the  water  refractive  Index  affect  object  to  Image  size  correlation’  We 
Know  that  und&r  certain  circumstances  the  refractive  Index  of  water  can  change  up  to  21.  It  also 
can  be  seen  from  cl.r.  general  equation  for  a  thick  lens  composed  of  two  surfaces 

n  n)1  n’-n  nll-nl  n'<n  n11-!!1  _t_ 

1“  f'  “  n  *  r2  “  n  •  r2  '  n* 

Where  f  ■  first  focal  length 
f second  focal  length 
n  “  refractive  index  of  object  space 
n*“  refractive  index  of  lens 
n"»  refractive  index  of  im^ge  space 
rj.“  radius  of  first  surface  of  lens 
Cv*  radius  of  second  surface  of  lens 
t  axial  thickness  of  lens 


thnt  the  secord  focal  length  varies  with  a  change  in  the  refractive  index  of  water  except  where  the 
first  surface  o'  the  lens  is  planar  or  infinity.  However,  if  a  water  lenB  Is  focused  at  a  finite 
object  distance,  n  variation  in  the  refractive  index  of  water  will  cause  a  change  in  the  object  dis¬ 
tance  focused  upo  i  i'-z-'n  though  the  first  surface  of  the  water  lens  is  planar. 


The  following  equation  determines  the  revised  vertex  object  distance  for  a  variation  In  the  za^ractive 
Index  of  water 

*n  +Vn-no~ 
sn  rl 

where  S0  ■  vertex  object  distance  for  o  water  refractive  Index  of 
Sn  “  vertex  object  distance  for  a  water  refractive  index  of 
ri  -  radius  of  first  surface  of  water  lens 

The  vertex  object  distance  is  defined  as  the  distance  from  the  first  vertex  of  the  water  lens  tc  the 
object. 

When  the  first  surface  becomes  infinity  and 

Theu  Sc  and  3n  have  the  ratio  of  their  respective  -’f.’-cr  refractive  lndeces.  Furthermore  It 
can  be  seen  that  If  rj.  and  Sn  are  equal  to  infinity,  S0  is  also  equal  to  infinity,  there¬ 
by  Indicating  no  change  of  focus. 


The  point  of  this  discussion  is  to  show  the  drastic  change  of  the  vertex  object  and  nodal  object 
distance  of  a  dome  lens  system  with  changing  index  of  refraction.-  For  a  planar  first  surface,  under 
the  worst  change  of  the  refractive  index,  the  vertex  object  and  nodal  object  distance  change  two 
percent,  which  means  about  20mm  for  an  object  distance  of  5  meters.  On  the  other  hand  let  us  assume 
■in  object  nodal  distance  of  5  meters  or  5000mm  with  a  dome  radius  of  50mm.  D0  is  the  object  nodal 
distance. 

Sn  »  D0  -  ri 


Substituting  Sn  -  5000  -  50  *  lik'Omm 


Nov  compare  the  difference  of  object 
sfti.ed  vffter  with  an  index  of  1.333 
distance 


vertex  distance  Cor  sea  water  with  an  index  of  1.343  and  dis- 
by  substituting  the  numbers  into  the  formula  for  vertex  object 

S0  -  2828mn 


The  revised  nodal  object  distance  Is 


Do  *  S0  *  rl 
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Substituting 


D0  *■  2078mm 

This  example  shows  thst  when  sn  underwater  camera  with  a  dome  window  as  part  of  the  lens  system  is 
focused  for  a  nodal  object  distance  of  5  meters  in  seawater,  the  object  focus  will  shift  to  almost 
half  when  operated  in  distilled  water  or  water  of  similar  refractive  index.  The  following  graph 
fig.  7  gives  the  relationship  between  vertex  object  distance  and  refractive  index  for  various  radii 
of  the  dome  window. 

If  it  is  important  to  minimize  the  object  focus  shift,  the  radius  of  the  first  surface  sii.<uld  be  in¬ 
creased;  the  least  amount  of  shift  occurs  when  the  radius  of  the  first  surface  is  infinity  or  close 
to  it.  Examples  of  a  system  using  a  first  surface  radius  of  infinity  is  the  Ivanoff  Corrector,  the 
Hopkins  f/4.5  underwater  lens  and  any  piano  parallel  port  in  conjunction  with  an  air  lens. 

This  shift  of  object  nodal  distance  can  become  a  serious  problem  for  photogrametrlc  purposes  using 
fixed  focus  underwater  cameras.  It  will  be  necessary  to  know  the  environmental  conditions  and  the 
amount  of  magnitude  of  the  refractive  index  to  arrive  at  proper  data  reduction.  One  simple  way  to 
solve  this  problem  is  to  U3e  short  focal  length  lenses  which  tend  to  have  a  great  depth  of  field  or 
have  variable  focusing  on  the  camera. 

Now  let  us  consider  the  nodal  image  distance.  The  first  and  second  focal  lengths  vary  with  change  in 
the  refractive  index.  However,  for  a  dome  window  lens  system  the  image  nodal  distance  does  not 
change  with  varying  refractive  index  as  long  snd  the  first  and  second  nodal  points  ar°  located  at  the 
curvature  of  the  first  surface  of  the  lens,  aee  Fig.  8.  This  is  referred  to  as  the  concentric  condi¬ 
tion.  Tills  is  of  particular  significance  because  as  long  as  the  Image  nodal  distance  remains  con¬ 
stant,  no  mathematical  corrections  have  to  be  made  for  analytical  calculations. 

Tie  camera  can  be  calibrated  in  any  type  of  water.  For  an  analysis  let's  investigate  the  planar 
condition.  The  second  focal  length  f  of  an  underwater  lens  with  a  planar  first  surface  remains 

constant  even  though  the  refractive  index  changes.  The  first  focal  length  f  for  index  n  is 

f-nf' 

Then  for  n0  f0  ■  n0f 1 

The  difference  in  first  focal  length  is 
f-fQ  -  f  (n-n0) 

Slncp.  f  i»  constant  for  the  planar  condition,  the  difference  in  the  first  focal  lengths  is 
directly  proportional  to  the  difference  in  the  water  refractive  index.  The  difference  in  nodal  image 
distances  of  d  and  d0  is  approximately  equal  to  the  difference  in  their  respective  first  focal 

lengths.  Therefore,  if  the  refractive  index  changes  by  2Z  then  the  image  nodal  distance  and  there¬ 

fore  lateral  magnification  changes  by  two  percent. 

Therefore,  for  a  planar  condition  the  object  nodal  distance  does  not  change  but  the  image  nodal  dis¬ 
tance  and  lateral  magnification  changes;  for  a  concentric  lens  system,  the  nodal  object  distance 
changes  bub  the  nodal  image  distance  does  not.  This  alone  could  establish  a  criteria  of  selection  of 
either  type  of  lens  systems.  Another  important  criteria  is  the  versatility  of  the  optical  system. 

Plano  parallel  port  systems  can  be  used  with  any  type  of  lens  as  long  as  the  picture  angle  is  small. 
With  an  Ivanoff  Corrector,  the  versatility  is  somewhat  reduced  in  that  the  Corrector  has  to  be  made 
large  enough  to  cover  numerous  focal  length  lenses  and  numerous  apertures.  This  becomes  difficult 
for  lenses  with  large  apertures  because  of  the  physical  size  of  the  corrector.  Also,  it.  is  desirable 
to  use  the  Corrector  with  highly  corrected  air  lenses.  Concentric  dome  windows  if  properly  built  can 
be  used  with  a  large  variety  of  lenses,  either  specifically  designed  for  the  camera  or  standard  of-the- 
shelf  systems.  One  camera  presently  on  the  market,  handles  lenses  from  7.5sn  to  135mm  in  focal  length 
lenses  for  a  35mm  format.  Additionally,  there  is  the  versatility  of  having  a  turret  behind  the  dome 
window  for  a  different  angular  coverage.  Since  the  virtual  image  is  located  at  a  certain  vertex 
object  distance  for  a  given  situation,  all  that  is  necessary  is  to  make  sure  thst  when  the  lenses  are 
mounted  on  a  turret  that  their  respective  entrance  pupils  fall  at  the  center  0f  curvature  of  the  first 
surface. 

The  Concentric  Dome  has  the  best  phyclcal  characteristics  especially  for  deep  ocean  photography.  The 
jrch  cross  section  is  an  ideal  structural  shape  to  withstand  the  pressure  of  external  fluids.  Glass 
excels  in  compression  and  is  inferior  in  tension.  Since  the  stress  involved  for  this  shape  is  com- 
pr-^sion,  glass  performs  an  outstanding  task.  In  contrast  to  this,  the  piano  parallel  port  and  Ivanoff 
Corrector  is  under  tension  since  the  front  elemen.  is  flat. 

CONCLUSION 

Laboratory  tests  confirmed  the  theorv  that  lenses  which  are  designed  for  underwater  photography  will 
outperform  lenses  designed  for  air  photography  and  later  adapted  for  underwater  imaging.  The  choice 
between  an  Ivanoff  Corrector  and  a  Concentric  Dome  is  left  up  to  the  individual  and  their  application 
Ocean  bottom  photography  would  preler  a  concentric  dome  window  because  of  its  structural  shape.  The 
Concentric  Dome  offers  versatility  as  far  as  angular  coverage  is  concerned.  For  hand-held  operations, 
the  Ivanoff  Corrector  and  the  Concentric  Dome  offer  equal  photographic  advantages.  For  photogranrcetric 
work,  the  concentric  approach  is  recommended.  Underwater  photoimaging  systems  should  be  tested  prior 
to  actual  use. 
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(a)  Ivanoff  corrector  window  with 
air  lens 
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.c)  Schematic  of  underwater  canera 
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Fig. 3  Distortion  of  lenses  Fig. 4  Distortion  of  lenses 


Ref rji live*  Index  of  Wjiir,  n 

Refractive  Index  of  Distilled  A’.ner  at  2 VC  (data 
from  Rosen,  1947) 


g.5  Distortion  of  lenses 


Fig. 6  Index  of  refraction  vs 
wavelength  and  depth  of  water 
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Picture*  No.  4 
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Picture  No. 9  C201  30  degrees  off-axis 


Picture  No. 10  C88  30  degrees  off-axis 
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Picture  No. 11  Concentric  dome  15  degrees  off-axis 
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Picture  No. 12  Pluno  parallel  port  15  degrees  off-axis 
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SUMMARY 

The  measurement  concepts  that  have  been  developed  by  theory  for  the  purpose  of  describing  the  pene¬ 
tration  of  radiant  energy  into  *he  ocean  are  discussed  briefly,  end  new  instrumentation  which  has  been 
developed  at  the  Scripps  Visibility  Laboratory  for  the  measurement  of  the-v  concepts  in  tie  ocean  is 
described.  Some  of  the  specific  measurements  dis  .usseo  are  the  messuremect  of  scattering  oy  particles  in 
the  ocean,  the  measurement  of  the  beam  transmittance  of  a  unit  path  lengtn,  and  tho  important  measurement 
of  radiance  distribution  around  a  x'ixed  point  underwater.  In  the  case  of  radiance  distribution,  the  opti¬ 
cal  properties  that  can  be  derived  from  this  measurement  will  also  be  outlined  and  instrumentation  for  the 
independent  measurement  of  some  of  these  deri-  ed  properties  will  be  discussed. 


The  program  in  opt:  oceanography  at  Scripps  Institution  of  Oceanography  is  based  ot.  the  general 

theory  of  scattering-absorbing  media.  Application  of  this  general  theory  to  the  interaction  of  radiant 
energy  with  large  bodies  of  water  is,  in  turn,  based  on  experimentally  observable  phenomena. 

The  water  volumes  used  in  maxing  measurements  of  tho  optical  properties  of  the  ocean  are  generally 
much  larger  than  the  size  of  the  scattering  particles  in  tho  water  and  thus  the  circulation  of  p articles 
through  the  measuring  volume  is  not  ordinarily  detected.  Only  statistical  averages  of  the  microscopic 
light  field  are  detected.  On  the  other  hand,  the  water  volumes  employed  are  generally  small  compared  to 
many  ocean  features  which  are  of  interest  in  physical  oceanography.  This  latter  fact  ■, duplicates  tho 
application  of  our  optical  data  to  the  description  of  large  ocean  features. 

Within  this  framwork,  and  specifically  for  monochromatic  light,  the  theoretical  model  defines  the 
significant  optical  properties,  shows  the  relationships  between  them,  and  indicates  the  various  instrumen¬ 
tal  methods  for  their  measurement. 

A  major  interest  of  our  laboratory  is  the  design  and  construction  of  instrumentation  capable  of 
accurately  measuring  the  ocean  optical  properties  that  are  spocifiod  by  theory. 

Beam  Transmission  Meter 


The  optical  system  of  Scripps1  beam  tronsraissorneter  produces  a  cylindrically  restricted  beam  of 
light  between  the  projector  and  the  detector.  All  rays  within  the  irradiated  path  fall  within  the  cylinder 
'jelinsd  by  the  projector  aperture  and  the  image  oi  the  field  stop  at  the  detector.  A  change  in  index  of 
refraction  01  the  optical  path  from  that  of  air  to  that  cf  water  causes  the  skew  rays  to  converge  on  the 
photocell  and  thus  prevents  errors  that  might  otherwise  be  present  due  to  clipping  of  tne  beam  at  the  edges 
of  the  receiver  field  stop. 

The  instrument,  Fig.  1,  has  a  one  meter  folded  path.  The  light  source  and  receiver  are  both  con¬ 
tained  in  a  single  water-tight  housing.  This  feature,  together  with  an  appropriate  shutter  mechanism  in 
front  of  the  silicon  voltaic  cell,  pennits  the  operator  to  £,  indardlze  the  lamp  output  and  check  the  dark 
current  while  the  instrument  is  submerged. 

A  fundamental  difficulty  arises  in  measuring  the  total  attenuation  coefficient  by  means  of  a  beam 
of  light.  To  properly  measure  the  total  attenuation  coefficient  it  is  necessary  to  determine  how  much 
image-forming  light  remains  after  the  tight  has  traversed  a  water  path.  Image-forming  light  is  the  resid¬ 
ual  light  which  has  been  neither  absorbed  nor  scattered  by  the  medium.  In  practice,  some  of  the  light 
scattered  by  the  medium  appears  as  forward  scattered  light  within  the  beam. 

Prelsendorfer  has  shown  that  for  this  method  of  measurement  of  the  beam  attenuation  coefficient  the 
percent  error  is  given  by  the  equation 


4=100.  ^  =  -100. 

a  a  \  j.  / 

Thus  the  measured  value  of  a  approaches  tho  true  value  of  a  as  tho  ratio  r/L  approaches  zero.  Figure  2 
illustrates  tne  form  of  the  error  function.  Unf  >rtunately  tho  amount  of  energy  in  th9  beam  als;  depends 
on  the  solid  angle  of  acceptance  of  flux  from  the  light  source,  thao  is,  on  rvi/2,  and  it  thus  iscomos 
necessary  to  accept  a  compromise  design.  Tho  Scipps  transaissometer  uses  a  beam  diameter  of  20  mm  and  a 
patn  length  of  1  meter. 

Hull-Balance  Transmlesometor 


For  measurements  at  greater  depth  we  have  designed  aid  built  a  null-balance  transmissorneter  with  a 
depth  capability  of  2000  meters.  The  optical  principle  is  substantially  the  same  a3  described  previously 
but  this  J’ui.ruaent  foaturos  a  null-balance  mechanism  consisting  of  a  rotating  sector  mirror  arranged  so 
that  the  light  travels  the  water  path  and  tho  reference  path  alternately  as  shewn  in  Fig.  3.  Ths  instru¬ 
ment.  is  continuously  balanced  by  a  servo  mechanism  that  drivos  n  circular  neutral-density  wedge  until  the 
optical  density  <.f  tho  wedge  is  equal  to  tho  optical  density  of  tho  water  path.  The  length  of  the  water 
path  can  be  adjusted  to  1/2  meter,  one  meter,  or  two  meters  to  accomodate  it  to  a  wide  range  of  water  types. 
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1  trad  lance  Meters 


The  most  commonly  measured  optical  property  of  ocean  water  is  the  diffuse  attenuation  coefficient 
for  downwelling  radiant  energy.  This  property  is  obtained  from  measurements  of  horizontal  dounwelling 
irradiance  in  accordance  with  the  equation 


-KAZ 

e 


the  quantity  H;>  (or  Hi)  being  defined  by  the  equation 

H  =  J  N  cos  6  dw 

The  integration  indicated  in  this  latter  equation  can  be  performed  by  an  optical  integrator  of  suitable 
design.  And  since  there  are  additional  ocean  optical  properties  that  depend  on  the  accurate  measurement 
of  irradiance  for  their  evaluation,  it  is  a  wc: thwhile  exercise  to  design  an  accurate  optical  integrator. 

Figure  4  illustrates  a  cross  section  of  a  simple  optical  integrator  for  measuring  irradiance.  A 
cap  of  vhito  diffusing  plexiglass  is  cemented  to  a  clear  plexiglass  base,  and  the  unit,  is  surrounded  by  a 
circular  light  shield  that  preverts  light  at  angles  of  incidence  of  90°  or  more  from  reaching  the  collec¬ 
tor.  The  dimensions  a,  b,  and  c  are  empirically  altered  to  control  th»  collecting  properties  of  the  device 
and  repeated  underwater  test.,  are  made  to  determine  the  accuracy  of  the  cosine  form  of  the  collection. 

Figure  5  gives  the  analytical  results  of  a  typical  collector. 

As  an  additional  check  this  optical  integrator  with  an  angular  response  designated  as  f(6)  has  been 
mathematically  integrated  with  experimentally  measured  radiance  distributions  ar.d  a  comparison  has  been 
made  between 

/ il  •  f(0)dw 


and 


f  II  cos  0  dw 

The  results  of  this  comparison  are  shown  in  Fig.  6. 

We  have  built  instrumentation  using  optical  integrators  of  this  kind  combined  with  optical  filters 
to  achieve  sea.:icivity  within  specified  bandwidths  such  as  the  photopic  bandwidth  of  human  vision. 

Marine  Adv leer's  Transmissoneter  and  Illuminometer 

The  design  concepts  for  the  beam  transmissometor  and  irradiance  meter  have  been  incorporated  int-j 
a  general  purpose  instrument  capable  of  measuring  the  total  attenuation  coefficient,  the  diffuse  attenua¬ 
tion  coefficient,  and  the  reflectance  function. 

Spectral  Irradiance  Meter 

The  equations  describing  image  transfer  through  scattering-absorbing  media  contain  both  the  total 
attenuation  coefficient  and  the  diffuse  attenuation  coefficient. 

The  accepted  way  of  evaluating  the  response  of  p..oto  detectors  in  connection  with  the  observation 
of  images  through  scattering-absorbing  media  is  to  integrate  the  products  of  detector  sensitivity  times 
energy  available  1. 1  each  wavelength.  Spectral  values  of  the  total  attenuation  coefficient  are  available 
in  the  literature  and  it  is  of  considerable  interest  therefore  tc  have  spectral  values  of  the  diffuse  atten¬ 
uation  coefficient. 

During  the  last  four  years  our  laboratory  has  be  m  systematically  obtaining  spectral  data  on  the 
diffuse  attenuation  coefficient  of  ocean  and  lake  wato-.  The  instrument  we  have  used  was  built  for  us  at 
Johns  Hopkins  University  but  has  been  extensively  altered  ai4  improved  by  our  own  laboratory.  It  consists 
of  a  photo  multiplier  tube  that  observes  an  irradiance  plate  through  a  double-grating  monochromator.  An 
early  configuration  is  shown  in  Fig.  7  which  provided  foi  double-beam  observation.  Prior  to  1966  the  lower 

beam  shown  in  the  figure  was  blacked  out  to  provide  a  means  for  evaluating  the  dark  current  of  the  photo¬ 

tube,  and  the  upper  beam  wes  provided  with  an  irradiance  plate. 

The  bandvidt)  of  this  instrument  is  approximately  6  nir  as  indicated  in  Fig.  3,  and  the  internal  spu¬ 
rious  light  is  abec;  10-7  0f  the  input  flux  as  Ulus'  atod  in  Fig.  9. 

This  instrument  and  its  performance  have  been  .'escribed  in  detail  in  the  book  "Measurements  of 
Spectral  Irradiance  Underwater"  published  by  Gordon  t.yj  Breach,  Science  Publishers. 

Scattering  Function  .!etor 

Our  interest  in  the  measurement  of  the  volume  scattering  function  has  led  us  to  consider  many  dif¬ 
ferent  instrument  ideas. 

Most  recently  we  have  built  a  small  angle  scattering  meter  and  a  general  angle  scattering  meter. 

The  small'angle  scattering  meter  was  built  after  a  design  by  Dr.  S.  Q.  Duntley  and  is  shown  in  Fig.  10. 

The  projector  provides  a  collimated  source  of  light.  Directly  in  front  of  the  objective  lens  is  a  stop 
which  blocks  the  central  portion  of  the  collimated  beam  leaving  only  a  thin-valied,  hollow  cylinder  of 
light.  At  the  detector  end  of  this  coaxial  system  the  thin-walled,  hollow  cylinder  of  flux  is  blocked  by 
a  seoend  stop.  By  appropriate  design  of  the  3tops  and  lengtn  ot  the  water  path,  the  angular  spread  over 
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which  the  instrument  collects  can  he  controlied.  An  instrument  of  this  kind  was  built  by  our  laboratory 
and  used  by  Dr.  P..  E.  Morrison  in  connection  with  his  doctoral  thesis.  Morrison  obtained  values  of  the 
scattering  function  at  four  angular  settings  between  0.126°  and  2.86°. 

The  general  angle  scattering  function  meter  is  shown  in  Pig.  11.  The  optical  system  is  illustrated 
in  Fig.  12.  This  instrument  is  optically  similar  to  an  earlier  instrument  built  for  exploratory  work  in 
very  deep  water.  In  mechanical  design,  however,  the  more  recent  instrument  is  more  compact  and  simpler  to 
handle.  J't  utilizes  a  100  watt  tungsten-icdine  cyclo  lamp  and  an  EMI  9524A  photo  multiplier.  The  scan¬ 
ning  arm  travels  from  170°  to  the  0°  position.  Data  is  obtained  between  170°  and  10°  and  at  the  0° 
position  a  measurement  is  made  on  the  attenuated  direct  beam.  This  latter  measurement,  gives  a  measure  of 
the  total  beam  power  at  the  end  of  every  scan.  The  dark  current  signal  and  ambient  light  signal  are  also 
recorded.  Figure  13  shows  a  typical  data  record.  Calculation  of  the  volume  scattering  function  from  these 
data  requires  correction  for  changes  in  the  scattering  volume  with  angle. 

The  total  •,:atte',.ng  coefficient  and  also  the  back-  or  forwardscattering  coefficient  can  be  obtained 
by  integration  ov  the  scattering  function  in  accordance  with  the  defining  equation 

S  =  y>c(6)dw 


or 


S  =  2tt  y* 3(6)  sin  0d6 

Measurements  of  the  scattering  function  at  small  angles  show  it  to  be  continuously  increasing  with 
decreasing  angle.  Since  sin  0  =  0  at  0°,  it  is  of  considerable  interest  to  determine  the  peak  value  of 
<j(0)  si’!  0.  Several  attempts  have  been  made  to  do  this  but  the  difficulties  associated  with  obtaining 
accurate  ”aiues  of  a(0)  at  small  angles  and  the  errors  associated  with  extrapolation  to  0  =  0°  have  left 
this  function  an  doubt.  Morrison  obtained  a  peak  value  of  o(0)  sin  0  at  about  0.1°,  but  more  recent  opin¬ 
ion  suggests  that  as  measurements  of  o(0)  in  the  forward  direction  become  more  accurately  known  the  peak 
value  of  <j(0)  sin  0  tends  to  move  closer  to  0  =  0°. 

Instruments  for  Meanurlng  Radiance  Distribution 

A  detailed  knowledge  of  the  distribution  of  radiant  energy  around  ecch  of  two  or  more  points  at 
different  depths  underwater  is  the  most  broadly  useful  information  for  documenting  the  light  field  under¬ 
water.  From  such  data  It  is  possible  to  compute  the  vector  and  scalar  irradiances  at  the  various  depths 
and  l’rom  them  obtain  the  diffuse  attenuation  coefficients  1'or  the  up-  and  downwelling  stream  of  radiant 
energy,  the  distribution  functions,  which  are  a  rough  measure  of  the  geometrical  form  of  the  light  field, 
and  the  absorption  coefficient. 

Some  time  ago  our  laboratory  built  a  submersible  scanning  type  radiance  meter  and  obtained  detailed 
measurements  in  lake  water  of  the  underwater  distribution  of  radiant  energy  at  various  depths  under  clear, 
sunny  sky  lighting  and  under  completely  overcast  skies.  The  instrumentation  was  adequate  for  the  stable 
operating  conditions  prevailing  at  the  lake  site,  but  it  was  hopelessly  cumbersome  for  ocean  work. 

Within  the  past  year  or  two  our  laboratory  has  designed  and  built  the  radiance  distribution  camera 
shown  in  Fig.  14  and  15.  As  the  name  implies,  this  instrument  employs  photographic  film  to  record  and  store 
the  radiance  information.  The  instrument  uses  two  8  mm,  f/8,  fish-eye  Hikkor  lenses,  one  of  which  observes 
the  upper  hemisphere  and  the  other  observes  the  lower  hemisphere.  This  fish-eye  lens  is  ideally  suited  for 
the  application.  The  lens  has  a  hemispherical  field  of  view.  The  projection  of  the  lens  conforms  to  an 
equidistant  projection  to  within  5  °/o,  i.e., 


f0 


(where  r  is  the  radius  coordinate  in  the  image,  0  is  the  zenith  angle  of  the  object,  and  f  is  the  focal 
length)  and  the  film  irradiance  is  related  to  the  field  radiance  by  the  factor  sin  0/0  as  compared  to  ord¬ 
inary  lenses  which  obey  the  cos^0  law. 


The  instrument  is  further  equipped  with  two  photocell  sensors  designed  to  measure  the  up-and  down- 
welling  irradiance.  This  information  is  used  to  determine  correct  film  exposure  and  to  provide  the  infor¬ 
mation  necessary  tc  normalize  data  taken  at  various  depths  at  the  same  site. 

The  operations  of  the  cameras  and  the  exposure  of  the  film  are  performed  by  remote  control.  Two 
gravity  sensing  devices  located  in  the  submersible  unit  are  included  in  the  film  exposure  circuit.  Their 
purpose  is  to  prevent  exposure  of  the  films  if  the  instrument  is  out  of  level  by  more  than  a  predetermined 
angle.  The  Instrument  also  contains  a  pressure  transducer  for  recording  depth. 

The  radiance  distribution  camera  has  been  operated  at  sea  several  tines  and  we  are  currently  working 
on  the  techniques  of  data  reduction 


Measu: ement  of  the  Absorption  Coefficient 

One  of  the  most  interesting  results  of  theory  has  been  the  derivation  of  an  equation  for  calculating 
the  absorption  coefficient  independent  of  the  scattering.  This  equation  has  been  called  the  divergence 
equation  and  is  given  as  follows: 

1  Ujk  ,  dHv  dHzl 
a  "  h  [  dx  dy  ”  dzj 


whore  H  =  H(+)  -  H(-). 
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If  radiance  distribution  data  is  available  at  several  depths  for  homogeneous  water  and  lighting  con¬ 
ditions,  the  absorption  coefficient  of  the  water  can  bo  immediately  calculated  f-om  this  equation. 

We  are  currently  engaged  in  research  involving  the  determination  of  the  absorption  coefficient  of 
water  by  moans  of  this  equation  and  can  say  several  interesting  things  about  it.  The  equation  is  valid 
for  any  light  field,  artificial  or  natural.  However,  in  a  laboratory  experiment  involving  even  large  tanks 
of  water,  the  measurable  values  of  irradiance  needed  to  determine  the  differentials  in  the  equation  are  all 
very  much  alike.  Measurements  must  consequently  be  made  with  great  accuracy  if  their  di: Terences  are  to 
have  significance. 

Ocean  water  is  uniformly  irradiated  by  the  sun  and  sky  over  large  areas  of  its  surface.  The  under¬ 
water  light  field  can  thus  be  described  as  horizontally  stratified.  Under  these  conditions 

dSi  _  d]k  _  0 

dx  dy 

and  the  divergence  equation  simplifies  to 

_  1  dKz 
a  "  h  '  dz 

The  simplicity  of  measuring  the  irradiance  components  of  dHz  have  already  been  discussed.  To  measure  the 
absorption  coefficient,  it  is  only  necessary  therefore  to  devise  a  simple  means  for  measuring  h,  the  scalar 
irradiance.  Theory  tells  us  that  scalar  irradiance  can  be  obtained  from  measurements  of  spherical  irradi¬ 
ance  with  a  uniformly  diffusing  sphere.  Efforts  to  do  tnis  have  so  far  not  been  satisfactory  because  a 
transluscent  diffusing  sphere  is  not  a  good  integrating  sphere,  and  there  is  no  way,  at  present,  to  know 
how  good  the  sphere  must  be  to  give  a  satisfactory  result. 

Our  on-going  research  will,  we  hope,  give  us  an  opportunity  tc  calculate  the  absorption  from  radiance 
distribution  information.  This  can  then  bo  compared  with  values  of  the  absorption  coefficient  obtained  by 
the  use  of  the  best  optical  integrators  we  can  devise.  By  measuring  the  total  attenuation  coefficient  and 
the  scattering  coefficient  at  the  same  time  we  hope  to  check  our  results  by  means  of  the  equation 

a  =  a  +  s  . 


Descriptive  Oceanography 

Another  major  interest  of  our  laboratory  is  to  describe  the  underwater  light  field,  both  qualitatively 
and  quantitatively,  and  to  confirm  the  interrelations  between  the  optical  properties  that  are  predicted  by 
theory. 


Beam  Transmission  of  Ocean  Water 

The  beam  transmittance  of  distilled  wate*-  as  a  function  of  wavelength  has  been  investigated  in  the 
laboratory  by  vurious  workers  and  the  results  from  several  such  investigations  are  combined  in  Fig.  16, 
which  gives  a  spectral  description  of  the  total  attenuation  of  distilled  water  from  .2|i  to  2.5p.  Our 
immediate  interest  lies  in  the  portion  of  the  spectrum  between  about  300  and  800  nm,  and  since  distilled 
water  represents  a  boundary  condition  for  all  natural  waters,  we  are  especially  interested  in  knowing  if 
the  beam  attenuation  coefficient  has  been  accurately  determined. 

Figure  1?  exhibits  two  laboratory  determinations  of  the  spectral  beam  attenuation  coefficient.  In 
both  cases  the  work  has  made  use  of  long  path  lengths  through  the  water  (132  cm  for  Sullivan,  364  cm  for 
Hulburt)  and  a  short  cell  of  identical  materials  has  been  used  as  a  standard.  The  valuer  obtained  by 
Sullivan  are  lower  than  Hulburt's  in  the  blue  region  of  the  spectrum  being  only  67  °/o  of  Hulburt’s.  In 
the  red  region  of  the  spectrum  Hulburt's  values  are  lower  than  Sullivan's  being  only  73  °/0  of  Sullivan's. 
Unfortunately,  there  is  no  way  to  rationalize  these  differences.  If  forwardscattering  had  been  present  in 
either  experiment  it  would  have  resulted  in  lower  values  of  the  total  attenuation  coefficient.  Oil  tne  other 
hand,  if  the  distilled  water  used  had  been  contaminated  in  either  case  it  would  have  led  to  higner  values. 

We  have  no  immediate  plans  to  undertake  distilled  water  measurements  but  do  plan  to  measure  spectral 
values  of  the  total  attenuation  coefficient  in  ocean  waters  and  will  use  the  data  of  Hulburt  and  Sullivan 
for  comparison  purposes.  On  the  basis  of  present  information,  the  minimum  expected  value  of  the  total 
attenuation  coefficient  appears  to  be  .03/m  and  occurs  at  about  475  am. 

In  addition  to  measuring  transmittance,  a  beam  transmissocetor  can  be  used  to  describe  the  vertical 
structure  of  ocean  water  and  record  temporal  changes  in  that  structure.  Figures  18,  19,  and  20  illustrate 
this  us6  of  the  beam  transnissometer. 

Irradiance  Transmission  oi  Ocean  Water 

In  ocean  water  irradiated  by  sun  and  skylight  only,  spectral  values  of  the  diffuse  attenuation  coef¬ 
ficient  3hould  be  smaller  than  respective  values  of  the  total  attenuation  coefficient.  This  statement  is 
based  on  the  fact  that  the  total  attenuation  coefficient  measures  losses  from  absorption  and  total  scatter¬ 
ing,  whereas  tho  diffuse  attenuation  coefficient  measures  losses  from  absorption  and  backscattering  but  not 
from  forwardscattering.  Tho  statement  can  be  tested  by  means  of  recent  data  we  have  obtained  for  tho  spec¬ 
tral  diffuse  attenuation  coefficient  ir.  exceptionally  clean  lake  water.  Figure  21  compares  our  data  for 
the  diffuse  attenuation  coefficient  with  values  of  the  total  attenuation  coefficient  obtained  by  Hulburt. 

The  tuc  sets  of  data  do  not  conform  entirely  to  expectations,  however  they  do  suggest  that  tne  difference 
between  a  and  K  will  be  smaller  in  the  red  region  of  tho  spectrum  where  absorption  is  predominant.  This  is 
an  effect  that  can  also  be  surmised  from  theory. 
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Measurements  of  spectral  irradiance  in  various  typos  of  water  have  revealed  other  interesting  fea¬ 
tures  of  the  underwater  environment.  Deep  water  acts  like  a  monochrometor.  This  is  illustrated  in  Fig.  22, 
which  exnibits  spectral  irradiance  curves  for  various  dopths  in  a  single  water  body  doun  to  600  meters. 

The  curves  clearly  show  the  spectral  compression  due  to  high  attenuation  coefficients  in  the  red  and  near 
ultraviolet  regions  of  the  spectrum.  If  the  integrals  of  these  curves  are  plotted  as  leg-total  irradiance 
against  depth  the  typical  urvo  in  Fig.  23  is  obtained.  The  slope  of  this  curve  is  steep  near  the  surface, 
indicating  strong,  average  attenuation  noar  the  surface,  but  after  substantial  elimination  of  the  red  oor- 
tion  of  the  spectrum  the  slope  becomes  nearly  constant. 

Spectral  irradiance  data  on  different  types  of  water  show  other  interesting  features  of  tno  light 
field.  In  the  clean  water  data  of  Fig.  24  can  be  seen  the  relatively  high  water  transmittance  between 
350  and  500  nm.  At  about  520  nm,  a  minor  absorption  band  of  water  can  be  seen.  This  has  been  previously 
undetected  because  oi  insufficient  sensitivity.  In  water  containing  large  amounts  of  chlorophyll  and  yellow 
substance,  the  spectral  data  exhibits  strong  absorption  in  the  blue  and  violet  regions  of  the  spectrums 
and  at  about  670  nm  exhibits  an  absorption  band  of  chlorophyll,  Fig.  25. 

In  waters  containing  relatively  largo  amounts  of  chlorophyll,  curves  of  spectral  upwelling  irradi- 
auco  show  evidence  of  the  red  reflectance  of  the  chlorophyll  pigment. 

Scattering  Function 

During  May  and  June  of  this  year,  Mr.  Austin  was  able  to  obtain  a  large  amount  of  data  on  the  volume 
scattering  function  of  various  water  types  ranging  from  Sargasso  Sea  water  to  water  containing  about  1  micro- 
gram  of  chlorophyll  per  liter.  Examples  of  this  data  have  been  shown  in  a  previous  section. 

Most  of  this  data  is  not  yet  in  final  form.  However,  it  is  expected  to  demonstrate  the  differences 
in  magnitude  of  the  scattering  function  for  different  types  of  water  and  perhaps  will  also  confirm  the  sug¬ 
gestion  made  by  Dr.  Duntley  that  the  shape  of  the  scattering  function  is  nearly  independent  of  water  type. 

Radiance  Distribution 

Measurements  of  radiance  distribution  have  revealed  many  of  the  important  optical  features  of  the 
underwater  light  field. 

As  a  result  of  Snell's  law,  daylight  arrives  at  a  point  underwater  through  a  92°  cone.  If  the  sky 
is  overcast,  the  opening  of  the  cone  will  appear  overcast  as  in  Fig.  26. 

In  Fig.  27,  the  sun  was  low  in  the  sky  and  the  zenith  was  dark.  The  radiance  (6.6°  cone  angle)  ot 
the  zenith  was  measured  as  a  function  of  depth.  It  will  be  seen  that  for  the  first  5  meters  of  depth  more 
flux  was  being  scattered  into  the  zenith  path  than  was  being  lost  by  attenuation.  In  the  direction  of  the 
sun  (the  upper  curve),  flux  was  boing  lost  at  a  more  rapid  rate  near  the  surface  than  at  the  greater  depths. 
In  the  nadir  direction,  the  only  cbservable  change  is  the  uniform  attenuation  with  depth. 

The  data  in  Fig.  28  was  obtained  on  an  overcast  day  by  making  four  scans  in  the  same  vertical  plane 
but  at  different  depths.  The  first  scan  (A)  was  made  in  air  and  shows  the  skyline  and  other  features  as 
noted  on  the  figure.  The  second  scan  (B)  was  made  from  2.5  cm  below  the  surface.  The  edge  oi  the  Snell 
circle  is  clearly  shown  at  46. 8^,  together  with  the  bright  ring  at  80°  to  90°.  In  scan  C  the  edge  of  the 
Snell  circle  is  nearly  obliterated  by  scattered  light,  and  in  scan  D  no  further  evidence  of  these  surface 
effects  can  be  seen. 

Complete  radiance  distribution  data  in  the  plane  of  the  sun  is  given  in  Fig.  29.  These  data  reflect 
the  angle  of  refraction  of  the  sun's  rays,  the  edge  of  the  Snell  circle,  the  rapid  changes  in  shape,  and 
the  trond  toward  a  distribution  that  is  symmetrical  about  the  vertical  axis,  as  well  as  being  symmetrical 
in  azimuth. 

These  rapidly  changing  features  of  the  underwater  light  field  with  depth  support  the  prediction  that 
the  shape  of  tne  radiance  distribution  becomes  fixed  and  that  this  shape  depends  only  on  the  scattering  and 
absorbing  properties  of  the  water.  Figure  30  is  another  experimental  verification  of  this  trend.  In  the 
same  water  the  ratio  of  Hz/Njj  is  plotted  as  a  function  of  deoth  for  both  overcast  and  sunny  conditions. 

It  cen  be  seen  that  the  ratio  in  both  cases  is  approaching  the  same  constant. 

APPLICATIONS 

Biological 

In  addition  to  the  use  of  ontical  data  to  detect  special  or  temporal  variations  in  ocean  water  and 
to  support  the  theory  of  radiative  transfer,  we  would  like  to  use  optical  data  to  quantitatively  specify 
different  types  of  ocean  water. 

One  way  to  do  this  is  to  calculate  the  trichromatic  coordinates  from  the  spectral  irradiance  data 
and  use  the  C.I.E.  color  coordinate  system  to  determine  the  dominant  wavelength,  brightness,  and  purity  of 
tne  water  color.  Current  research  at  our  laboratory  includes  work  along  these  lines.  We  hope  to  be  able 
to  relate  the  color  of  the  ocean  to  other  ocean  variables  such  as  the  chlorophyll  concentration,  amount  of 
yellow  substance,  etc.  In  this  connection  we  are  also  interested  in  the  remote  sensing  of  surface  chloro¬ 
phyll  from  aircraft  or  satellite.,  end  are  currently  cooperating  with  scientists  at  the  Woods  Hole  Oceano¬ 
graphic  Institution  in  a  program  of  study  that  measures  the  optical  signal  available  from  different  types 
of  ocean  water  and  studies  its  transmission,  first  through  the  air-water  interface  and  then  through  the 
atmosphere. 

We  are  also  interested  and  active  in  research  on  the  interaction  of  radiant  energy  with  oceanic 
phytoplankton,  in  the  resulting  primary  productivity,  and  in  improving  the  techniques  for  estimating  the 
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primary  productivity  of  specific  ocean  areas. 

Tn«g«  Transfer 

A  continuing  interest  of  our  program  is  the  application  of  ocean  optical  data  to  problems  of  image 
transfer  through  ocean  water.  "Image  transfer"  in  this  context  refers  to  human  vision,  fish  vision,  pho¬ 
tography,  or  television.  In  all  of  these  cases  the  general  treatment  is  the  sawe,  but  because  of  differ¬ 
ent  spectral  sensitivities  of  the  sensors,  the  specifics  will  differ.  To  simplify  the  disou  sion,  I  will 
limit  myself  here  to  human  vision.  This  limitation  means,  of  course,  that  all  the  ocean  prc,jrties  involved 
must  be  measured  for  the  photopic  bandwidth. 

The  phenomena  of  contrast  reduction  is  illustrated  by  an  experiment  in  which  several  white  sticks 
are  arrayed  along  a  track  at  different  distances  from  the  observer.  Each  stick  is  partially  covered  with 
black  cloth.  When  observed  horizontally  underwater  it  can  be  seen  that  as  the  observation  distance  increases 
the  white  portion  of  the  sticks  appears  to  become  darker,  whereas  the  black  portion  appears  to  become 
lighter.  Ultimately,  both  black  and  white  portions  will  melt  into  the  background  radiance  and  disappear 
from  sight. 

A  colored  object  may  behave  in  a  somewhat  different  way.  For  example,  a  red  object  is  high  reflect- 
1%,  and  therefore  similar  to  white,  in  the  red  region  of  the  spectrum  but  low  reflecting,  a-.d  therefore 
similar  to  black,  in  the  blue  region  of  the  spectrum.  As  illustrated  in  Fig.  31,  as  the  observation  dis¬ 
tance  from  a  red  target  increases  the  red  reflectance  will  become  darker  and  the  blue  reflectance  will 
become  lighter.  The  change  in  contrast  therefore  follows  a  very  different  pattern  than  for  a  plain  white 
target. 


The  equation  for  contrast  reduction  in  a  scattering-absorbing  medium  is 

r  -  r  -(o+Kcose)R 

CR  "  C0  e 


v.-.fs.-e  Cr  is  the  apparent  contrast  of  an  object  seen  from  a  distance  R  and  Co  is  its  inherent  contrast  as 
if  the  distance  R  were  zero.  In  this  ecuation  we  are  dealing  with  contrast  against  an  infinite  water 
background,  and  contrast  is  specified  by 


C  = 


»Q  -  Ni 

N 


where  Nq  is  the  photopic  radiance  of  the  object  and  Kg  is  that  for  the  water  background.  Ng  can  be  obtained 
directly  from  a  knowledge  of  the  radiance  distribution  at  the  site  of  the  object,  but  Nq  is  the  radiance 
of  the  object  itself  and  must  either  be  measured  diroctly  or  calculated  from  the  gonioreflecting  properties 
of  the  object  in  combination  with  the  radiance  distribution  surrounding  the  object. 
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Table  I 

CONCEPTS  AND  SYMBOLS  IN  OPTICAL  OCEANOGRAPHY 


Volume  scattering  function 

Backward  scattering  function 

Forward  scattering  function 

Total  scattering  function 

Radiance  at  depth  2  in  direction  (9 

Scalar  irradiance  (Cownwalling  (-),  from  the 
lower  hemisphere) 

Scalar  irradiance  (Upwelling  (+),  from  the 
upper  hemisphere) 

Tutal  scalar  iriadiance 

Irradiance  on  a  horizontal  plane  from  the 
upper  hemisphere @ 

Irradiance  on  a  horizontal  plane  from  the 
lower  hemisphere  (g) 

Distribution  functions 

Reflectance  functions 

Diffuse  attenuation  coefficient  for  irradi¬ 
ance  from  the  upper  hemisphere 

Diffuse  attenuation  coefficient  for  irradi¬ 
ance  from  the  lower  hemisphere 

Absorption  coefficient 

Ratio  of  the  radiance  at  the  end  of  a  path  r 
to  the  input  radiance 

Transmittance  (for  specified  path  length) 

Total  Attenuation  coefficient 


Units 

Vis  Lab 
Symbol 

IAPSO 

Symbol 

m":Vr1 

ff(e) 

p(e) 

m"1 

b 

bb 

a'1 

f 

bf 

-1 

m 

S 

b 

watts  m-2Q_^ 

H(z,e/fr) 

L 

watts  m ”2 

h(Z,-) 

- 

-2 

watts  m 

h(Z,+) 

- 

watts  m-2 

h(Z) 

Eo 

-2 

watts  d 

H(Z,-) 

Ed 

-2 

watts  m 

H(Z,+) 

Eu 

(ratio) 

D(Z,±) 

- 

(ratio) 

R(Z>±) 

(D 

m-1 

K(Z,-) 

- 

of1 

K(Z.+) 

- 

-1 

m 

a  ■ 

a 

(ratio) 

Nr/No 

Lr/Lo 

(ratio) 

T 

T 

-1 

m 

G 

c 

Q)  Called  "Irradiance  Ratio"  by  IAFSO 

(2)  Called  "downward"  and  "upward"  irradiance  by  IAPSO 
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Fig.  1.  Transmissometer  (or  beam  transmission  meter)  designed  by  T.  Petzold  and  R.  W.  Austin,  S.I.O. 


RATIO  OF  BEAM  RA0IUS  TO  IENGTH 


Fig.  2.  Error  due  to  the  presence  of  foruardscattered  light  within  the  beam  of  a  transmissometer,  (after 
R.  W.  Preisendorfer,  S.I.O. ). 


Fig.  3  Optical  system  of  the  null-balance  transmissometer  designed  by  R.  W.  Austin,  S.I.O. 
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Fie.  L  Cross  section  of  an  irradiance  collector. 
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Fig.  5.  Illustrating  the  performance  characteristics  of  a  typical  irradiance  collector,  data  obtained 
from  underwater  experimental  tests. 


DEPTH (M) 

ERR0R(%) 

E(Z,-) 

E(Z,+) 

4.2 

.25  % 

-.88  % 

10.4 

.16 

-.88 

16.6 

-.27 

-.93 

29.0 

-.52 

-.89 

41.3 

-.44 

-.94 

53.7 

-.25 

-.92 

66.1 

-.36 

-.93 

Fig.  6  Illustrating  the  performance  characteristics  of  a  typical  irradiance  collector,  data  obtained  by 
computation. 
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Fig.  7.  Optical  system  of  the  Scripps  spectroradiometer.  The  two  objective  lenses  at  the  left  in  conjunc 
tion  with  the  rotating  sector  mirror,  m,  provide  for  double-beam  observation. 


WAVELENGTH  (nm) 


Fig.  8. 


Typical  recordings  of  spectral  bandwidth  at  four  wavelength  settings 
meter. 


for  the  Scripps  spectroradio 
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Fig.  9.  Direct  recording  ol  -ho  stray  light  prosent  in  the  blue  and  red  regions  of  the  spectrum  when  the 
input  to  the  Scripps  spectroradicmetor  is  a  broad  spectral  band  in  the  green  region  (550rcn),  as 
would  be  the  case  in  typical  coastal  water. 


Fig.  10.  Optical  system  of  a  narrow  angle  scattering  meter,  after  S.  Q.  Buntley,  S.I.O.  The  objective  lens 
of  the  projection  system  is  centrally  stopped  to  yield  a  thin  cylinder  of  radiant  energy  -  shown 
cross-hatched  over  the  water  path.  It  is  the  small  angle  forwaHscatter  from  this  thin  cylinder 
that  Is  collected  by  the  phototube. 
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Fig.  13.  Data  recording  from  the  general-angle  scattering  meter.  Lamp  reference  level  is  recorded  at  the 
left  and  ocean  ambient  light  at  the  right.  This  data  must  be  corrected  for  changes  in  the  scat¬ 
tering  volume. 
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Fig.  15.  Radiance  distribution  camera,  after  R.  C.  Smith,  J.  E.  Tyler,  and  R.  W.  Austin,  S.I.O. 
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Fig.  16.  Lftborn* ory  Etasureicunti  '>i  th*,  c-pe^rai  beam  atteny&tictt  coefficient  of  distilled  water. 


Trantfaat*  =  4.S  x  10'3  % 


PERCENT  TRANSMBSON  PER  METER  STATION  4 
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Fig.  19.  Beam  transmittance  vs  depth  in  Pacific  coastal  water. 
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Fig.  20.  Change  of  beam  transmittance  with  depth  and  time  in  the  Gulf  of  California. 


Fig.  21.  Spectral  values  of  a  (after  ifulburt)  compared  with  spectral  values  of  K  (after  Tyler  and  Smith). 

The  fact  the  K  is  greater  than  a  between  510  and  700  ro  probably  reflects  the  fact  that  the  waters 
were  different. 


CRATES  LAKE  AUGUST  5.  1966 


Fig.  26.  Photograj.  j  from  underwater  showing  the  Snell  circle. 
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Fig.  27.  Radiance  in  three  directions  as  a  function  of  depth.  Clear  sunny  sky  with  sun  low  in  the  sky  and 
zenith  direction  consequently  darker  than  sun  direction.  Note  the  way  the  scattered  light  from 
bright  areas  fills  in  the  dark  areas  as  depth  is  increased. 


RADIANCE  IN  AIR  ft  WATER 
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Fig.  28.  Radiance  distribution  in  one  plane  as  a  function  Fig.  29.  Radiance  distribution  in  the  sun's  plane  as  a  function  of  depth, 

of  deoth.  overcast  dav.  sunny  day.  Curves  normalized  at  6  =  120°  away  from  sun. 
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Fig.  30.  Ratio  of  zenith  radiance  to  nadir  radiance  plotted  as  a  function  of  depth  in  the  same  water 

for  clear  sunny  sky  lighting  (right)  and  overcast  skylighting  (left).  Both  curves  are  directed 
toward  the  same  asymptote. 


Fig.  31.  Change  in  color  of  a  red  object  as  it  is  moved  horizontally  away  from  an  observer.  The  red  object 
is  chazacterized  by  the  solid  curve  showing  no  reflectance  in  the  blue  or  green  regions  of  the 
spectrum.  The  dashed  line  shows  the  apparent  reflectance  when  seen  through  water  having  strong 
scattering  ard  absorbing  properties.  The  nearly  horizontal  solid  line  shows  the  reflecting  pro¬ 
perties  of  an  infinite  path  of  water. 
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SOMMAIRE 


La  vision  sous  l'eau  est  limitye  par  les  phSnomfenes  d'absorption  et  de  diffusion  de  la 
lumifere.  L'absorption  entrafne  une  diminution  de  l'intensity  de  la  lumifere  qui  est  fonction  exponentiel- 
le  de  l'augmentatior.  de  la  distance,  tandis  que  la  diffusion  crfee  un  fetalement  des  faisceaux  lumineux 
en  mime  temps  qu'un  brouillage  des  images.  On  espfere  amfeliorer  la  visibility  en  ayant  recours  fe  la 
technique  des  portes  rfeglables  en  distance. 

Cette  technique  s'appuie  sur  l'utilisation  d'une  source  feclairante  femettant  de  courtes 
impulsions  lumineuses  (par  exemple,  un  laser  commute)  associfee  a  un  dispositif  d'obaervation 
fequipfe  de  porte  (par  exemple  un  tube  converiisseur  d'image).  La  sfelection  temporelle  de  la  lumifere 
recueillie  par  le  dispositif  d'observation  fequipfe  de  porte  permet  de  rejeter  la  lumifere  ambiante  et 
d'accepter  totalement  la  lumifere  utile  femanant  des  objets  observes.  Alin  d'fevaluer  l'amfelioration  de 
la  visibility  sous  l'eau  que  l'on  peut  obtenir  gr3c.e  &  la  technique  des  portes  ryglables  en  distance,  nous 
avons  calculy  le  pouvoir  syparateur  angulaire  et  le  contraste  d'une  scfene  schymatique  plecye  d. 
diverses  distances.  On  peat  dycrire  le  phfenomfene  de  la  propagation  comme  un  processus  de  diffusion 
multiple,  puisque  les  distances  de  visibility  sous  l'eau  correspondent  h  quelques  longueurs  d'attfenua- 
tion.  Lc  processus  de  diffusion  multiple  a  yty  ytudiy  &  l'aide  de  la  mythode  de  Monte-Carlo.  La 
trajectoire  des  photons  dans  l'espace  est  dyterminye  par  sylections  stochastiques  des  syquences  suc- 
cessives  de  diffusion,  suivant  le  profil  transversal  diffyrentiel  pour  le  processus  de  diffusion  felfe- 
mentaire.  On  peut  ensuite  yvaluer,  pour  diverses  distances,  la  luminosity,  le  contraste  et  le 
pouvoir  syparateur  angulaire  d'une  cible  standard,  illuminye  ou  lumineuse  par  elle-meme.  On  obtient 
l'augmentation  de  la  distance  de  visibility  par  une  comparaison  avec  les  courbes  de  visibility  pour 
l'ceil.  On  a  effectuy  des  calculs  pour  une  longueur  d'onde  \  =  0,48/4  correspondant  k  la  rygion 
bien  copnue  d'absorption  minimale.  On  a  suppose  que  les  poids  relatifs  de  la  diffusion  et  de  l'absorp- 
-tion  ytaient  respectivement  de  60  et  40  % ,  et  que  la  fonction  de  diffusion,  pour  le  processus  felfemen- 
taire  ytait  la  moyenne  des  mesures  effectuyes  par  plusieurs  auteurs  et  rapportyes  par  Duntley,  qui 
a  souligny  la  grande  similitude  des  rysultats  obtenus  par  diffyrents  chercheurs  en  dypit  des  diffyrences 
de  condition  de  travail.  Les  rysultats  de  notre  analyse  montrent  que  l'on  peut  attendre  des  systymes 
de  portes  ryglables  avec  ryponse  linyaire  (par  exemple  convertisseur  d'image)  une  amyiioration  par 
2  ou  3  de  la  distance  de  visibility  ;  de  plus,  si  l'on  insfere  un  seuil  dans  le  canal  de  l'irnage  (par 
exemple,  dans  le  signal  TV  d'un  systfeme  &  trame),  on  pense  obtenir  une  amyiioration  supyrieure. 
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EVALUATION  OF  UNDERWATER  VISIBILITY 
IMPROVEMENT  BY  RANGE  GATING  SYSTEMS*** 

S,  Donat  I  and  A.  Sona 
Laboratorl  CISE 
Milano,  Italy 


SUMMARY 


The  underwater  propagation  problem,  Including  the  time  dependence,  has  been  studied  by 
means  of  the  Montecarlo  method  with  the  aim  of  evaluating  the  visibility  Improvement  achievable  with 
range  gating  techniques.  Results  are  presented  for  various  cases  of  observation,  taking  Into  account 
powers  required  from  light  sources.  The  different  modes  of  operation  are  compared  and  expected 
performances  discussed. 

1.  INTRODUCTION 

Underwater  visibility  Is  strongly  limited  because  of  absorption  and  scattering,  which 
reduce  apparent  radiance,  contrast  and  angular  resolution  of  observed  objects.  Backscattered  light 
gives  the  major  contribution  In  contrast  loss,  and  can  be  almost  entirely  eliminated  with  observation 
systems  making  use  of  range  gating  techniques. 

To  evaluate  the  effectiveness  of  these  techniques  In  Improving  underwater  visibility,  the 
problem  of  light  propagation  In  presence  of  multiple  scattering  mustbe  faced,  since  the  underwater 
visibility  range  amounts  to  about  four  attenuation  lenghts  (loosely  speaking).  In  addition,  also  the  time 
distribution  of  scattered  light  must  be  taken  Into  account  to  evaluate  the  performances  of  range  gating 
systems. 

We  have  chosen  the  Montecarlo  method  to  treat  the  multiple  scattering  time-dependent 
problem,  with  the  feeling  that  it  was  the  only  method  capable  of  glv'ng  practical  results  of  reasonable 
accuracy  without  requiring  the  solution  of  Involved  Integral  equations.  As  the  Input  data  for  the  Monte¬ 
carlo  calculations  we  have  utilized  those  from  the  authoritative  work  of  Duntley'^.  The  relative  weight 
of  absorption  and  scattering  has  been  assumed  to  be  40%  and  60%  respectively  (at  480  nm)  and  the  single 
scattering  function  has  been  assumed  according  to  fig.  12,  Ref.  (1),  averaging  among  the  quoted  diagrams 
and  extrapolating  linearly  between  |65°  and  180*,  where  the  original  diagrams  are  interrupted. 

2.  MONTECARLO  CALCULATIONS 

In  a  Montecarlo  calculation  It  is  important  to  look  for  the  simplest  model  of  the  problem  at 
hand,  In  order  to  shorten  the  computing  time  as  much  as  possible  and  meanwhile  to  obtain  numerical 
results  easily  utilizable  in  more  complicated  cases  with  few  straight  supplementary  calculations.  For 
this  reason,  all  the  symmetries  of  the  propagation  process  have  been  fully  utilized  to  settle  the  model  of 
the  problem.  As  a  model,  we  have  chosen  a  scattering  space  enclosed  In  a  spherical  surface,  at  the 
center  of  which  a  photon  is  assumed  to  start,  at  time  zero,  in  a  "zero  angle"  direction  (Fig.  l).  The 
photon  then  makes  Its  random  zig-zag  path  and,  whether  not  absorbed,  finally  reaches  the  spherical 
surface  where  Its  story  comes  to  an  end.  The  polar  coordinates  &  with  respect  to  the  starting  direction, 
the  angle  $u  at  which  the  path  crosses  the  spherical  surface  and  the  total  lenght  of  the  path  (I.  a,  the 
time  spent)  are  the  results  to  be  recorded.  The  Montecarlo  computation  Is  made  by  sorting  out  In 
sequence  the  lenght  of  path  between  successive  scatterings  and  the  change  of  direction  at  each  scattering 
point  according  to  the  appropriate  probability  density  functions,  so  as  to  build  the  photon  path  In  space. 
About  30000  photon  paths  have  been  computed  In  this  way,  and  for  each  path  three  results  were  computed 
at  a  time  for  three  different  sphere  radius,  namely  R  «  3.03,  7,66  and  1 1.5  attenuation  lenghts.  The 
results,  stored  In  »!iree  records  of  40  x  40  x  40  memory  positions,  represents  In  a  samphdway  the 
probability  P  (v),  yu,  t)  that  a  photon  starting  at  time  zero  at  the  center  of  the  sphere,  will  intersect  at 
time  t  the  spherical  surface  with  the  angular  coordinates  S  and  As  an  example  of  the  Montecarlo 

results,  P(#,  '9U,  t)  Is  plotted  versus  5  in  fig.  2  and  versus  t  for  some  values  of  ■&  In  fig.  3,  after  an 
Integratior.  on  the  other  variables  not  Indicated.  Starting  from  the  P($,  -S^,,  t)  wh'ch  represents  the 
response  to  a  delta  source,  It  is  easy  to  calculate,  by  means  of  numerical  convolutions,  the  response  to 
other  types  of  sources,  such  as  a  beam  giving  a  uniform  illumination  over  a  fixed  angular  aperture  or  a 
Lambert  radiator. 

Furthermore,  if  we  consider  a  scene  placed  on  the  spherical  surface  which  encloses  the  propagation 
space,  and  viewed  by  an  observer  placed  at  the  center  of  the  sphere,  It  Is  possible  to  calculate  the 
radiance  received  by  the  observer  when  the  scene  is  either  self-luminous  or  illuminated  by  a  beam 
starting  from  the  observation  point.  In  the  first  case  the  results  are  obtained  from  the  Lambert  radiator 
response,  in  the  second  through  a  convolution  of  the  uniform  beam  and  the  Lambert  radiator  response,  as 
discussed  in  earlier  papers  (2)  and  (3). 
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As  an  Illustrative  example,  we  report  some  results  relative  to  the  case  of  an  Illuminated 
scene.  The  scene  Is  assumed  to  consist  of  a  sequence  of  ten  concentric  rings,  alternatively  black  and 
white,  and  covering  and  angular  field  o'  view  of  45*  (fig.  4).  The  black  rings  are  assumed  to  absorb 
the  collected  itght,  the  white  ones  to  re-lrradlate  the  light  according  to  Lambert  law  with  unity  diffusion 
coefficient.  The  scene  Is  Illuminated  by  an  uniform  beam  of  45*  angular  aperture  and  viewed  by  an  Image 
forming  optical  system. 

Since  the  Image  of  the  scene  hes  a  circular  symmetry,  It  suffices  to  consider  the  radial  distribution  of 
light  intensity.  In  fig,  5  we  have  reported  for  three  scene  distances,  namely  3.83,  7,66  and  11.5 
attenuation  lenghts,  the  intensities  of  useful  light  coming  from  the  Illuminated  rings  together  with  the 
backscattered  light  Intensities  (the  sum  of  the  two  terms  gives  the  Intensity  of  light  actually  received). 
Fig.  5  a  refers  to  the  case  of  no  gating:  note  that  the  backscattered  light,  nearly  constant  for  the  three 
ranges  considered,  becomes  very  large  compared  to  the  useful  light  from  the  scene  as  the  distance 
Increases,  so  that  the  useful  light  from  the  scene  soon  becomes  masked  by  the  background.  Fig.  5  b 
shows  the  effect  of  a  gating  from  half  the  scene  distance  onward;  the  Intensities  of  light  from  the  scene 
are  not  altered,  whereas  the  backscattered  light  Is  so  strongly  reduced  to  have  still  an  amplitude 
comparable  to  that  of  the  useful  light  from  the  scene. 


3.  VISIBILITY  IMPROVEMENT  AND  POWER  REQUIRED 

The  results  obtained  through  the  Montecarlo  calculations  give  the  radiance  of  the  viewed 
scene  at  the  observation  point  as  a  function  of  the  angular  direction  of  observation. 

They  have  been  analyzed  on  the  basis  of  visual  criteria,  since  we  only  consider  Image-forming  systems 
which  display  Information  to  a  human  observer  and  neglect  the  problem  of  pattern  recognition  or  parameter 
estimation. 

Data  measured  by  Blackwell  (ref.  (4)  and  proceeding  works)  are  the  appropriate  starting  point:  they 
give  the  contrast  c  required  for  a  circular  target  of  given  angular  diameter  «  to  be  resolved  when  the 
target  Is  superposed  on  a  uniform  background  of  luminance  B.  To  compare  visual  data  to  our  radiance 
curves,  we  have  calculated  from  the  latter  the  contrast  c  as  a  function  of  the  angular  resolution  ex, 
according  to  the  method  dlscusseo  In  ref.  (2).  The  Intersections  of  the  contrast  curves  with  the  visual 
curves  give,  the  angular  resolution  as  a  function  of  the  illuminating  power.  Results  for  some  Interesting 
cases  of  observation  are  reported  In  fig.  6-8;  all  the  results  presented  In  the  following  refer  to  the 
visibility  of  perfectly  diffusing  objects  on  an  absorbing  background. 

Fig.  6  shows  the  angular  resolution*  of  an  Illuminated  scene,  plotted  against  the  distance  of  the  scene 
from  the  observatlon/lllumlnatlon  point,  measured  In  attenuation  lenghts;  the  curves  are  given  for  some 
values  of  the  power-parameter  GP/L2ft  ,  In  Which: 

P  *  radiant  flux  of  the  illuminating  source  (W), 

ft-  solid  angle  of  the  emitted  radiant  flux,  assumed  equal  to  the  solid  angle  under  which  the  scene  Is 
viewed  (stared), 

L  »  scattering  lenght  (m), 

G  «  radiant  gain  of  the  observation  system  (for  example  image  converter  gain)  (dimensionless). 

The  left-hand  diagram  of  fig.  6  refers  to  the  case  of  no  gate,  l.e.  shows  the  result  o'  an  Illuminated 
scene  viewed  by  the  unaided  eye;  It  Is  apparent  that  the  visibility  Is  lost,  even  for  high  Illuminating 
power,  a  little  before  five  attenuation  lenghts.  However,  the  resolving  power  quickly  deteriorates 
already  at  about  four  attenuation  lenghts. 

The  right  hand  diagram  shows  the  effect  of  two  different  gating  Intervals;  here  the  parameter  RET  stands 
for  relative  excess  time  of  the  gate  with  respect  to  unattenuated  light  propagation  time  tu,  that  is 
RET  -  (t  -  tu)/tu.  For  the  case  RET  ■  -  0. 5  — oo  ,  l.e.  for  a  gate  from  half  the  distance  of  the  Interesting 
scene  up  to  Infinity,  It  Is  appearent  the  strong  Improvement  In  visibility.  An  additional  gain  Is  obtained 
by  gating  from  the  scene  distance  to  infinity  (RET  -  0  — oo  )  as  It  Is  shown  In  the  diagram,  whilst  a 
narrow  gate  (RET  -  0—  0.05)  give  only  a  n’ight  further  improvement  (this  case  Is  not  reported  In  fig.  6), 

In  fig.  7  are  reported  the  visibility  curves  of  a  self-luminous  scene,  that  is  one  In  which  the  object  radiates 
Its  own  light  according  to  Lambert  cosine  law.  Here  the  symbols  used  have  the  same  meaning  as  In  fig, 6, 
except  for  ft  which  now  represents  only  the  solid  angle  under  which  the  scene  is  viewed.  By  a  comparison 
with  fig,  6,  one  can  see  that  the  visibility  of  a  self  luminous  scene  with  no  gate  is  better  of  the  illuminated 
one,  even  gated,  at  least  for  equal  power-parameters  GP/L2ft  . 

Gating  of  the  self  luminous  scene  (results  not  reported  In  fig,  7)  provides  only  a  minute  additional  Improve 
ment  In  visibility. 

Fig,  8  shows  the  results  attainable  with  the  raster  technique.  This  technique  basically  consists  In  a 
range-gating  system  employing  a  narrow-angle  illumination  beam  which  Is  deflected  so  as  to  scan  the 
whole  scene,  while  a  single  detector  Is  made  to  receive  only  the  light  coming  from  the  Illuminated  spot. 

To  make  the  estimation  of  the  required  power,  we  assumed  that  tns  angular  aperture  of  the  illuminating 
beam  Is  equal  to  the  obtainable  resolution,  so  that  the  number  of  point  scanned  is  determined  by  the 
operating  conditions.  By  comparing  fig.  6  and  8  It  Is  clear  that,  for  equal  power-parameters,  the 
resolution  achievable  with  the  raster  is  slightly  worse  than  that  corresponding  to  the  range  gating  system. 
The  time  dependence  of  the  signal  received  by  the  de*ector  when  the  light  source  emits  a  light  pulse  of 
short  duration  is  reported  In  fig,  9;  in  this  figure  the  backscattered  light  and  the  useful  signals  from  three 
target  at  different  distances  (3.83,  7.66  and  11,5  uttenuatlon  lenghts)  are  separately  plotted.  Note  that, 
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though  the  backscattered  light  and  the  useful  signal  amplitude  decrease  almost  In  the  same  way,  the 
signals  are  clearly  detectable  even  at  the  largest  distance  considered. 

The  raster  techniques  allows  to  exploit  sophisticated  methods  for  processing  the  output 
signal  from  the  detector,  which  can  be  a  very  sensitive  one,  like  a  photomultiplier  .  For  example, 
non  linear  techniques  may  be  used  to  Improve  the  scene  contrast  by  means  of  background  reduction  and 
could  allow  a  reconstruction  of  the  relative  Intensity  of  objects  at  different  distances  by  time  dependent 
amplifier  gain, 

4.  DISCUSSION  OF  RESULTS 

The  validity  of  above-quoted  Montecarlo  analysis  relies  on  several  hypotheses,  which  must 
be  kept  In  mind  when  making  a  comparison  with  experimental  results: 

a)  propagation  space  Is  assumed  to  be  homogeneous,  with  a  relative  weight  60%  and  40% 
for  scattering  and  absorption;  the  single  scattering  function  {fig.  2)  was  assumed  as  an  average  between 
measured  ones; 

b)  the  viewed  objects  are  perfectly  diffusing  targets  on  an  absorbing  background; 

c)  the  observation  system  Is  linear  and  displays  an  Image  directly  to  the  eye. 

On  the  basis  of  qualitative  arguments,  the  effect  of  slight  deviations  from  these  assumptions 
may  be  predicted.  For  example,  were  larger  the  relative  weight  of  absorption,  the  power  required  would 
increase  and  the  angular  resolution  become  better.  An  Increase  of  backward  Intensity  of  the  single 
scattering  function  would  reduce  the  visibility  range  of  the  Illuminated  scene,  gated  and  not-gated,  possibly 
of  the  same  amount,  since  amplitude  of  the  corresponding  signals  have  a  rate  of  decrease  with  range  not 
very  different. 

Assumption  b)  was  made  for  characterizing  a  well-visible,  non-cooperative  target;  however,  in  an 
experimental  setup  the  choice  of  retroref  tec  tors  or  Scotchlite  tapes  greatly  assists  to  obtain  increased 
signal  amplitudes.  In  this  case,  the  ranges  of  both  gated  and  not-gated  Illuminated  scene  should  Increase 
of  the  same  factor,  and  when  backscatterlng  does  not  predominate  the  matter  should  be  that  of  an  additional 
power  gain  equal  to  ti  times  the  reflectivity  (In  l/sterad)  of  the  reflector. 

Hypotesls  c)  has  been  selected  to  assess  the  performance  ‘Of  simple  range  gating  systems  with  direct 
visualization  of  Images  to  a  human  observer  In  real  time.  Therefore,  performances  of  non-linear 
photographic  films  were  not  studies,  even  because  a  comparison  with  the  visual  properties  of  the  eye  Is 
not  stralghforward  and  would  require  a  special  analysis. 

Some  experimental  analysis  on  underwater  range  gating  have  been  made.  Angular  resolution 
and  range  from  the  results  published  by  Heckman  and  Hodgson'5'  are  shown  in  fig.  6  as  H's,  An  exact 
determination  of  power-parameter  is  not  possible  from  the  photos  they  have  reported,  however  the  compa¬ 
rison  would  be  loose  since  the  target  was  a  Scotchlite  tape;  at  any  rate,  from  published  data  GP/L^il 
Is  estimated  to  be  In  the  range  20-150. 

As  a  concluding  remark  we  note  that,  from  results  reported  In  fig.  6,7  and  8,  the  visibility 
range  can  be  Improved  over  a  factor  of  2  depending  on  the  angular  resolution  required  and/or  the 
available  power.  The  self-luminous  scene  visibility  can  be  attained,  and  even  overcomed  If  adequate 
power  or  radiant  gain  Is  provided.  From  this  last  point  of  view,  the  raster  system  is  attractive,  though 
it  starts  from  a  slightly  worse  angular  resolution,  since  it  enables  to  obtain  a  very  large  gain. 

^  Work  supported  by  the  Contract  CNR-CISE  no,  17.8.  3, 1.  for  Development  of  Technology  and  Electro¬ 
nics  Instrumentation. 
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Fig.  1  The  model  of  propagation  'issumed  in  the  Montecarlo  calculation.  Scattering  space  is 
enclosed  in  a  sphe.  of  radius  R  (which  is  measured  in  number  of  attenuation 
lengths).  At  the  sphere  center  a  photon  is  assumed  to  start  at  time  zero, 
and  its  random  path  is  constructed.  When  the  photon  crosses  the  spherical 
surfaces  at  a  time  t,  the  variables  D  ,  o  and  t  are  recorded  as  a 
counting.  About  30000  Montecarlo  palhs  were  calculated. 


Fig. 2  The  single  scattering  function  assumed  in  the  calculations  and  the  intensity  of  light 
collected  per  unit  solid  angle,  at  angle  -  on  the  spherical  surface  (Fig. 1)  when 
light  is  emitted  from  the  sphere  center  in  the  0  direction.  Unattenuated 
light  is  not  included  in  the  diagrams.  Throe  sphere  radius,  i.e.  R  3.83  , 

7. 06  and  11.5  attenuation  lengths  are  considered 


Collection  probability  density  P { ■&,  t  ) 
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Pig. 3  Time  distributions  of  light  collected  at  various  point  of  the  spherical  surface 
(unattenuated  light  is  excluded)  for  three  sphere  radius  cases,  as  a  function 
of  percent  excess  transit  tine  of  light  with  respect  to  the  unattenuated  one 


Fig. 4  A  schematic  scene  assumed  tn  the  calculations.  It  consists  of  concentric  rings 
alternately  black  and  white,  placed  on  the  spherical  surface  enclosing  the 
propagation  space.  The  scene  is  illuminated  by  a  beam  starting  from  the 
observation  point  and  covering  the  45"  f.o.v. 


Angular  coordinate  $■„  (°) 


Fie. 5  Light  intensities  in  the  focal  plane  of  an  observation  system  viewing  a  scene 
consisting  of  rings  alternatively  black  a"d  white  (see  Figure  4).  Light 
received  is  splitted  in  two  contributions:  the  backscattered  light  (not 
reaching  the  scene)  and  that  returning  from  the  rings.  Three  scene 
distances  R  ure  considered.  Case  a)  refers  to  no  gating  on  the 
scene,  case  b,  i  gate  from  half  the  scene  distance  onward 


•H-7 


Fig.C  Angular  resolution  plotted  against  scene  distance  for  the  case  of  an  illuminated 
scene,  Doth  not  gated  (left-hand  diagram)  and  gated  (right-hand  one).  The 
parameter  GP/L20  relates  to  the  illuminating  power  used  (see  text) 


Intensities  of  light  backseat tered  and  of  light  coming  from  targets  at  three  distances 
plotted  as  a  function  of  their  time  of  arrival  at  the  observation  system  as  a  response 
to  a  short  pulse  of  illuminating  light  of  narrow  angular  aperture  (raster  mode), 
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Synchronous  Scanning 
By 

H.  Hodara  and  VV.  H.  Wells 
Tetra  Tech,  Inc.  ,  Pasadena,  California 

The  performance  of  underwater  viewing  systems  is  limited  by  scattering  and  absorption,  forward 
scattering  contributes  to  loss  of  resolution  while  backscattering  reduces  contrast  (1)  or  more  exactly 
signal-to-noise  ratio  (2).  In  this  paper  we  concentrate  on  backscatter  reduction;  forward  scattering  is 
treated  in  a  companion  paper  (3). 

Synchronous  scanning  is  based  on  the  old  photographer's  principle  of  separating  light  source  and 
camera  to  reduce  backscatter  from  the  volume  of  water  which  lies  at  the  intersection  of  the  iight  beam 
and  the  viewing  beam.  This  is  illustrated  in  Fig.  (1).  Fig.  (la)  shows  how  a  slice  of  that  volume  (cross- 
hatched)  intercepts  a  light  ray  intended  for  the  target,  scatters  it  back  into  the  camera  and  fogs  film.  The 
photographer's  way  to  reduce  backscatter  is  to  increase  the  base  line  separation  between  light  and  camera 
Fig.  (lb).  This  approach  makes  the  system  unwieldy  if  we  want  very  large  backscatter  reduction.  A 
more  practical  approach  though  more  complex  to  implement  is  shown  in  Fig.  (lc).  There  the  base  line 
is  cut  down  to  its  original  dimension,  but  the  beam  width  is  narrowed.  The  beam  now  no  longer  encompas¬ 
ses  the  entire  target  and  we  must  scan  the  light  and  the  camera  beams  synchronously  to  cover  the  target. 
Hence  the  name  synchronous  scanning. 

In  comparing  synchronous  scanning  with  conventional  illumination  we  note  that  the  same  field  of  view 
is  covered  by  the  broad  beam  instantaneously  and  by  the  narrow  beam  during  the  scanning  time.  However, 
the  total  backscattering  volume  is  much  smaller  with  the  narrow  scanning  beam  as  illustrated  in  Fig.  (2). 
The  total  backscatter  for  the  static  flood  beam  illumination  is  the  large  triangle  bounded  by  the  heavy  lines. 
The  backscatter  for  each  position  of  the  narrow  beam  during  the  synchronous  scan  is  the  small  cross- 
hatched  triangle.  Note  that  the  total  area  (volume  in  space)  enclosed  by  the  cross-hatched  triangle  is 
much  smaller  than  that  of  the  large  triangle. 

Fan  Beams  and  Pencil  Beams 


Until  a  few  years  ago,  synchronous  scanning  was  done  with  pencil  beams,  which  requires  two-dimen¬ 
sional  scanning.  In  1967  W.  Wells  proposed  using  a  fan  beam.  If  backscatter  is  mostly  caused  by  single 
scattering,  approximately  the  same  increase  in  viewing  range  is  attained  with  either  pencil  or  fan  (4). 

This  is  easily  demonstrated  as  follows.  Fig.  (3)  is  a  strip  s  of  the  target  illuminated  by  a  fan  beam 
imaged  at  s'  through  a  fanned  angular  field  of  view.  The  cross  section  of  the  two  beams  labeled  1  and 
1'  are  the  same  cross  sections  shown  in  Fig.  (2).  In  Fig.  (3)  we  see  that  the  backscattering  volume 
which  contributes  to  fogging  of  the  image  element  s'  comes  from  a  pencil  beam  illuminating  the  cor¬ 
responding  spot  a^  of  the  target.  In  short  only  those  rays  contained  within  the  cone  embracing  s  and 
which  scatter  only  once  within  the  cross-hatched  volume  of  base  S2»  contribute  to  fogging  of  the  image 
element  s'..  If  multiple  scattering  is  predominant,  the  majority  of  the  rays  within  the  cone  subtended 
by  s,  cross  over  to  some  other  cone  such  as  the  one  bounded  by  s.  and  fog  the  image  at  s'j.  This  is 
illustrated  in  the  side  view  of  Fig.  (4). 

We  would  like  to  know  the  viewing  range  at  which  multi  scatter  becomes  significant  in  degrading 
the  fan  beam  performance  relative  to  a  pencil  beam.  In  Appendix  A  we  estimate  the  ratios  of  fractional 

energy  singly  and  doubly  scattered,  F,  and  F,.  We  find 
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Some  of  the  symbols  are  best  explained  by  refertng  to  Fig.  (5).  The  fan  beam  has  a  narrow  angle 
0and  a  wide  angle  cp  .  The  base  line  separation  between  source  and  receiver  is  b  ;  the  attenuation  of 
the  water  is  o  •  The  beams  cross  over  at  a  distance  x  beyond  which  the  water  backscatters  light  into 
the  receiver.  The  distance  x  is  useful  for  describing  the  performance  of  a  synchronous  scan.  Referring 
to  the  geometry  of  the  Fig.  (5)  we  normalize  the  parameter  x  with  respect  to  target  range,  R. 


P  =  x/R  -  (1+jE/bf1  (2) 

l-  R0is  the  width  of  the  strip  illuminated  by  the  fan  beam  at  that  range,  g  is  the  backscatter  coefficient, 
a  measure  of  the  fractional  energy  scattered  in  the  back  direction  (over  2”  steradians)  from  an  elemental 
volume  of  water.  The  volume  scattering  function,  a  is  highly  peaked  in  the  forward  direction,  but  drops 
down  several  orders  of  magnitude  and  remains  essentially  constant  at  large  angles  particularly  in  the 

back  direction  (2).  We  indicate  its  constant  value  in  that  direction  by  r  ,  so  that 
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Typical  values  for  ?  are  usually  given  in  terms  of  e  , 
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and  we  shall  use  these  numbers  in  our  i  alculation.  The  range  at  which  multiscatter  begins  to  degrade  the 
'an  beam  performance  m  relation  to  a  pencil  beam  is  obtained  by  demanding  I-  j/K  not  go  below  unity,  ^ 
l.  e.  Fj/Fj  s  1.  Lot  us  choose  typical  values  for  long  range  m  good  waters,  '  '  20m,  10 

(i  =  1°,  •-  '"10°,  n  b  1.  Multisi  a»ter  then  becomes  significant  at  approximately  six  attenuation  lengths 
(6-RI  and  beyond  it. 
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Signal-to- Backscatter  Ratio 

As  long  as  the  absorption  limit  is  not  reached,  the  performance  of  a  system  is  best  described  in 
terms  of  the  signal-to-backscatter  ratio  Eg/Eg,  derived  in  Appendix  B. 
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The  integral  in  .he  denominator  can  be  expressed  in  terms  of  exponential-integral  functions,  Ei,  but 
it  comes  out  in  such  an  awkward  form  as  to  render  its  interpretation  useless.  The  term  exp  [-2a R(1  -  ?)] 
in  the  numerator  of  equation  (5)  brings  out  the  backscatter  rejection  feature  of  synchronous  scan:  the 
effective  two  way  attenuation  is  smaller  than  2c  R  by  the  factor  (1-f).  The  parameter  Osrsl  in  equation 
(2)  is  the  fraction  of  the  viewing  range  where  the  beams  cross  over.  Therefore,  we  call  t  the  figure- 
of-merit  of  synchronous  scanning  .  Obviously  we  want  ?  to  be  close  to  unity  in  order  to  reject  as  much 
backscatter  as  possible.  If  we  break  up  the  backscattering  volume  in  slices,  Fig.  (5),  only  those  close 
to  the  receiver  carry  any  weight.  Although  the  slices  get  larger  at  range,  rax  their  contribution  to 
receiver  backscatter  diminishe  rapidly  on  account  of  the  relative  exponential  attenuation,  i.  e.  exp[-a  (r-x)]. 
As  f  approaches  unity, 
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The  range  increases  as  the  inverse  square  root  of  the  fan  beam  angle,  1/^6,  assuming  signal  to  back¬ 
scatter  ratio  and  baseline  are  unchanged.  This  is  confirmed  by  observing  that  the  average  scattering 
thickness  is  R2  p/2b,  (Fig.  9)  and  signal-to-backscatter  ratio  is  inversely  proportional  to  it. 

We  have  computed  and  plotted  E_/E„  as  a  function  of  the  number  of  attenuation  lengths  o  R  for 
several  values  of  the  parameter  F.  T?ie  family  of  curves  is  shown  in  Fig.  (6).  The  ordinate  is  nor¬ 
malized  in  terms  of  the  target  reflection  p,  and  q=g/a.  the  ratio  of  backscatter  to  attenuation  coefficient. 
These  results  are  self-explanatory. 

Depth  of  Field 


A  basic  limitation  in  synchronous  scanning  is  depth  of  field.  By  that  we  mean,  the  range  over  which 
the  illuminated  target  remains  within  the  viewing  angle  of  the  receiver  as  illustrated  in  Fig.  (7).  The 
limitation  is  inherent  to  this  form  of  scanning  if  we  note  that  the  locus  of  the  points  where  illuminating 
and  viewing  beams  overlap  100%  is  a  circle  passing  through  the  source  and  receiver,  Fig.  (9).  We 
distinguish  between  front  depth  of  field,  in  front  of  the  locus  and  back  depth  of  field,  6  Q  behind  it. 

The  respective  expressions  are  readily  derived, 
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As  expected,  depth  of  field  increases  with  range  but  decreases  with  beam  width.  Also  6  6_  for  all 

ranges.  Obviously  when  the  illuminated  spot  of  size  l-  RP equals  the  base  line,  b  the  back  depth  of 
field  becomes  infinite  at  R  *  b/p.  The  situation  of  infinite  depth  of  field  is  not  likely  to  be  reached  .n 
long  range  systems.  Thus  even  with  a  narrow  fan  beam  9=1°,  and  good  backscatter  rejection  ab=l, 
the  range  to  target  would  have  to  approach  oR=180/n  ^60  attenuation  lengths!  We  have  plotted  depth 
of  field  in  Fig.  (8)  for  a  base  line  ab=l,  and  a  beam  width  0  =  1 0” 2  radian,  (a  little  over  |°).  Front 
and  back  depth  of  field  do  not  differ  by  much.  Back  depth  of  field  becomes  infinite  at  100  attenuation 
length  in  this  case. 

On  the  same  figure  we  have  also  plotted  the  depth  of  field  when  the  fan  beamwidth  is  ten  times 
as  large,  P  =  1 0“ 1  radians.  For  this  case  6  g  is  infinite  at  ten  attenuation  lengths;  the  result  is  of 
academic  interest;  with  such  a  broad  beam  tne  signal  to  backscatter  ratio  would  be  too  small  to  "see" 
beyond  four  or  five  attenuation  lengths. 

Photographic  Synchronous  Scan  System 

We  have  developed  and  built  a  portable  operational  photographic  system  based  on  the  synchronous 
scar  principle.  The  lamp  and  the  camera  are  4'  apart,  <b=4 ' ).  The  camera  has  a  wide  angle  field  with 
a  focal  plane  slit  and  scanning  optics.  It  was  built  by  Photogrammetry,  Inc.  and  loaned  to  us  by  the 
U.  S.  Naval  Photo  Center.  The  source  is  a  500  watt  lineal  Xenon  flash  lamp  which  radiates  30  psec 
pulses  spaced  8»sec  apart.  The  lamp  is  fixed  while  the  beam  fanning  cylindrical  optics  scans  over  a 
120°  angle  at  a  rate  of  200°/ sec  to  match  the  camera's  rate.  The  lamp  and  camera  have  illuminating 
and  viewing  beams  of  2°  in  the  narrow  angle  (0  =  .035  radian). 


Tests  were  performed  in  a  swimming  pool  with  controlled  quantities  of  diatomatious  earth  for 
scatterers.  The  pool  dimensions  are  20'  by  40';  the  target  was  hung  approximately  halfway  down  the 
pool  and  the  synchronous  scan  system  was  located  at  one  end  of  the  pool.  Results  in  clear  water  are 
shown  in  Fig.  (9)  together  with  the  geometry  of  the  beam.  Only  the  target  and  the  sides  of  the  pool 
show.  The  geometry  below  explains  it  since  the  locus  of  intersection  of  the  viewing  and  illuminating 
beams  is  tangent  to  the  target  and  the  sides  of  the  pool.  This  is  confirmed  by  the  calculation  of  depth 
of  field  using  Eq,  (7).  ‘p  R^9/<h-R  •").  The  back  depth  of  field  is  4.  3'  which  added  to  the  1C  radius  is 
just  abo  ,t  the  length  of  the  diagonal  connecting  the  center  of  the  circle  with  *he  corner  of  the  pool.  The 
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corner  of  the  pool  is  thus  at  the  extreme  of  the  depth  of  field  where  hardly  any  light  reaches  the  camera. 
Note  that  as  the  beam  starts  sweeping  down,  the  left  side  of  the  pool,  the  pool's  ladder  enters  the  depth 
of  field  and  becomes  visible.  The  "banding''  or  stripes  are  caused  by  pulsing  the  xenon  lamp.  Pulses 
were  used  in  order  to  raise  the  color  temperature  to  7,  000°K  with  resultant  higher  efficiency  of  12% 
in  the  water  transmission  band. 

Figuresio  to  l2compare  photographs  taken  with  our  system  and  a  conventional  Nikonos  underwater 
camera  in  more  turbid  water.  The  same  light  source  was  used  but  the  shutter  in  the  Nikonos  was  left 
opened  for  the  duration  of  the  beam  sweep.  The  backscatter  rejection  achieved  with  synchronous  scan 
is  well  illustrated  in  those  figures,  particularly  in  the  last  one,  Fig.  (12).  There  the  target  cannot  be 
seen  at  all  with  conventional  system  while  still  distinguishable  with  the  synchronous  scan.  The  range 
in  this  last  photograph  is  between  three  and  four  attenuation  lengths  as  determined  from  a  -  meter 
measurements.  The  improvement  is  significant  if  we  bear  in  mind  that  visibility  with  a  wide  angle 
system  is  not  more  than  1  to  lj  attenuation  length.  It  is  worth  while  at  this  stage  to  dispel  the  old 
rule  of  thumb  that  visibility  with  conventional  systems  extends  to  as  much  as  2j-  attenuation  length. 

This  is  only  true  under  diffused  lighting  condition  such  as  daylight.  With  a  conventional  lamp  situated  near 
the  camera,  the  visibility  is  limited  by  loss  of  contrast  at  1$  attenuation  lengths. 

Adaptive  Synchronous  Scan 

To  conclude  this  paper  we  would  like  to  propose  an  adaptive  TV  synchronous  scanning  system  which 
eliminates  the  shortcomings  of  the  present  systems.  There  have  been  several  attempts,  none  too  succes¬ 
sful,  to  design  scanning  systems  that  are  not  depth  of  field  limited.  Since  the  locus  of  intersection  of 
source  and  viewing  beams  scanning  at  a  uniform  rate  is  a  circle,  an  arbitrary  shaped  object  requires  one 
of  the  beams  to  sweep  with  variable  speed  if  that  object  is  to  lie  at  the  intersection  of  both  beams  during 
the  scan.  A  typical  solution  is  edge  tracking  of onethe  beam  via  a  servo  loop.  Systems  based  on  this  prin¬ 
ciple  require  either  excessive  bandwidth  or  are  easily  thrown  out  of  lock  by  discontinuities  in  the  field 
of  view. 

The  system  we  propose  conceived  by  one  of  the  authors  (Weils)  does  not  rely  on  edge  tracking, thus 
gets  around  these  difficulties.  In  order  to  explain  its  operation  consider  the  receiver  to  be  made  up  of 
discrete  detecting  elements  with  respective  field  of  views  labeled  1  to  5  in  Fig.  (13a).  The  narrow  light 
beam  shown  by  a  ray  in  the  figure  scans  from  right  to  left  and  the  light  received  within  each  discrete  field 
of  view  is  integrated  until  a  threshold  preset  by  the  operator  is  reached  after  which  the  detector  cuts  off. 

In  the  absence  of  an  object,  the  intensity  vs  scan  angle  for  each  individual  detecting  element  looks  like  the 
curves  of  Fig.  (13b).  If  an  object  is  present  within  some  of  the  field  of  views,  say  elements  3  and  4  in  the 
figure,  the  intensity  in  the  corresponding  detecting  elements  reach  the  threshold  very  sharply  at  threshold 
angles  earlier  in  the  scan,  vA  and  4  g  .  For  each  elementary  field  of  view  there  is  a  specific  one-to-  one 
correspondence  between  range  and  scan  angles  determined  by  the  system  geometry,  so  that  knowledge  of 
the  threshold  scan  angles  4  a,  »B  determines  unequivocally  the  range  to  the  object  within  these  elementary 
field  of  views.  A  detailed  analysis  reveals  that  the  principles  discussed  above  apply  as  well  as  when  either 
right  edges  or  left  edgesare being  imaged.  As  a  matter  of  fact  this  technique  only  handles  reflectance  dis¬ 
continuities  (no  continuous  tone  reflectance)  and  edges  of  objects. 

In  practice,  the  receiver  rather  than  being  made  of  discrete  detecting  elements  is  a  TV  equipped 
with  adaptive  erasure  features.  To  implement  the  scheme,  one  measures  integrated  light  intensity  in  many 
subdivisions  of  the  field  of  view  by  retaining  a  low  resolution  memory  of  the  last  TV  frame  of  the  same 
scene.  In  each  image  increment  that  is  brighter  than  threshold  in  the  last  frame,  the  integration  is  cut-off 
earlier  in  the  new  frame;  in  each  increment  that  was  too  dim,  the  integration  goes  on  a  longer  time.  In 
essence  an  error  loop  is  set  up  that  feeds  cut-off  commands  to  the  TV  receiver  from  information  received 
from  the  low  resolution  image  memory  and  from  integration  cut-off  times  of  the  preceding  frame. 
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Appendix  A 


Calculation  of  Single  and  Double  Scatter 


Single  Scatter 


The  geometry  is  shown  in  Fig.  (A-l).  The  illuminating  beam  is  narrow  enough  that  we  only 
need  to  represent  it  by  a  single  ray.  The  fraction  of  energy  scattered,  Fj  is  given  by  the  probability 
that  a  ray  will  scatter  at  a  distance  x  ,  over  a  path  length,  through  the  scattering  volume  and  within 
a  solid  angle  Afl  subtending  the  receiver  aperture  of  diameter,  D 

aF1=ob&nAse'2ax  (A-l) 

o,  ,  the  probability  of  scattering  at  large  angle  is  also  the  volume  scattering  function  in  the  back  ^2^ 
direction,  and  is  approximately  constant  in  that  direction.  From  the  geometry  Afl  =tt  d2/4R,2.  A  S=  — r — 
and  ° 

r  1  isL 

M'°b  b  4  e  (A- 2 ) 

As  a  check,  we  calculate  the  signal-to-backscatter  ratio  based  on  single  scattering  using  for  the  single 
scattering  using  for  the  signal  energy  Eq.  (B-l)  in  Appendix  B. 

/p  .  -2aR  D2 

VE  -  pe  4R2  (B-l) 

The  ratio  of  these  two  expressions  give  the  signal-to-backscatter  ratio, 

E/E  =-^4-  e-2aR(1-?)  (A-3) 

3  B  PR  e 

where  §  =  (1  +  i/b)"1  and  g  =  Zvc^.  (A-3)  checks  exactly  with  Eq.  (6)  in  the  text  as  ?-*l. 

Double  Scatter 

The  geometry  is  shown  in  Fig.  (A-2).  The  illuminating  beam  is  again  represented  by  a  single 
ray.  The  probability  of  double  scatter  is 

AF.,  =  o  2ds1As3dClAn2  (A-4) 

ttD2  <p8283d<'  Cs2 

From  the  figure,  — ,  dfi,  - - j -  ,  As^  =  ,b=s3sint. 


The  total  fraction  that  is  double  scattered, 


F2 r  JJ~ir  d*d3i 


which  reduces  after  a  few  manipulations  to 

P  .  n  2  f  * 

F2"  2  °b  6tp  b  Jo 


n/2-1  /2  tan” *b/s 


1  e-ab/tan  *’di,dSi(A.6) 


where  $  '  =  t/2.  If  we  make  the  change  of  variable  t=(tan  t') 
we  have  for  ab2  1. 


v-  "  „  2C  D2  f*  -2as.  -abt  t2  .. 

r ,  :  T  c,  6co  -r-  e  1  e  —  ,  dt  (A- 

2  2b  b  .0  J0  1+t2 

We  have  assumed  that  we  can  integrate  t  from  0  to  r  without  too  much  error  since  for  ab*  1  the 
absorption  limits  the  contribution  of  that  integral  in  the  range  n  /2  s  t*  n  .  Then 

r  0  2  0{£)  i  TI  -  f  e*abt  1  (A. 

lZ  2  b  v  b  2a  ab  J0  1+t2 

An  upper  bound  to  F^  18  given  by  the  first  term  in  the  brackets. 


t  2  D 
F-  --7  c  C-cp  —  , 

2  4  b  (ab)2 


(A-9) 


13-5 


Single -to-Double  Scatter  Ratio 


Taking  the  ratio  A2  to  over  A-9  and  using  0  =  2r  we  have 


_ 1  Cl  2n  /  v\  “2ox  us  m 

■=-  -  -r  —  (ah)  e  (a  bi  1 ) 

F2  8  ‘P 


(A  -10) 


which  is  Eq.  (1)  in  the  text 
For  ab«l,  it  can  be  shown  that 


5=5-1  T-  *‘2ax  (ab<<1) 


(A- 1 1 ) 


Appendix  B 

Derivation  of  Signal-to-Backscattur  Ratio 
Calculation  of  Signal 

The  source  energy  is  E.  The  target  is  lambertian  with  reflection  coefficient,'  p  ,  The  energy 
reflected  at  the  target  per  unit  solid  angle  is  p  E  exp(-aR)/n.  The  energy  reaching  the  receiver 
within  the  solid  angle  subtended  by  an  aperture  of  diameter,  D  whose  area  in  pD2/4, 

Eg/E  =  oe*ZaRD2/4R2  (B-l) 

For  reference  purposes,  we  may  want  to  know  the  energy  density  at  the  detector,  e-E  / A  .  Aj  is  the 
image  area  on  the  detector;  for  a  camera  it  must  exceed  the  film  threshold  density, 

efilmr  ASAi  joules /cm  (B-2) 

Let  A  be  the  target  area,  f  the  focal  distance  to  the  detector,  and  F  =  ^  the  f-number,  then 

P  E/A—  -2aR 

s  - - 5-2-  e  2oR  (B-3) 

4Fi 

Calculation  of  Backs catter 

From  Fig.  (5)  in  the  text  we  see  the  fraction  of  energy  backscattered  at  distance,  r  within 
the  detector's  field  of  view  is 


b  R  r-x 

A(r )  =  7  R-x 

The  corresponding  energy  per  unit  solid  angle  is 


C,  dr  E  e 
b 


■2a  r  Ab 


a  ,  the  volume  scattering  function  in  the  back  direction  is  approximately  constant  over  2n  solid  angle. 

It  is  related  to  the  backscatter  coefficient  6  =  2flC.  .  The  backscattered  energy  reaching  the  detectors 
within  the  solid  angle  subtended  by  its  aperture,  Irin 

jp  b  p.  -2ar  n D  «  dr  ,*>  . . 

dEB  -  Ai?)  e  e  ~^T  8  27  (B'6) 

The  fraction  of  energy  backscattered  at  the  receiver  is 


r  R  „-2ar 

J  _  r  R-x 


where  x  is  from  Fig.  (5), 


|  =  d+X/bf1 

Combining  (B-l)  and  ( B - 7 )  we  get  the  signal  to  backscatter  ratio  after  normalization 


--  14  exp[-2a R(l-! )] 


f*  (u-  '  )  exp[-2c.R(u-  f  )]  u*3  du 
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Kit  4  Fan  bean,  sidi  win  1  i  iii.si  rat  jdr:  i-fli.ts  <•:  sicttic  and  rcuitipir  s<atti-! 


Fig. 5  Fan  bean  synchronous  scanning  geometry 


Signal  to  backseat  ter  dependence-  ■>!)  range 


general 


Fip.<)  Performance  o(  photographs  synchronous  scan  in  clear  uatei 
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CONTRAST  GOOD 


BROAD  BEAM  LIGHT 


SYNCHRONOUS  SCANNED  LIGHT 


Fie. 10  Photographs  comparing  synchronous  scan  and  broad  beam 


Fic.11  Photographs  comparing  synchronous  scan  and  broad  beam 
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VERY  TURBID  -  BACKSCATTER  LIMITED 


BROAD  BEAM  LIGHT 


SYNCHRONOUS  SCANNED  LIGHT 

Fik. 12  Photographs  comparing  synchronous  scan  and  broad  beam 
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DISCUSSION  ON  PAPERS  PRESENTED  IN  SESSION  VIII 
(Imagery) 


Discussion  on  paper  44  t  "  Evaluation  of  visibility  improvement  in  sea  water  by  range 
“  “  gating  systems",  by  S.  DONATI  and  A.  SONA  . 

Dr.  D.L.  PEINSTEIN  j  Could  you  give  us  some  idea  of  the  computer  time  necessary  for  your 
Monte-Carlo  calculation  . 


Dr.  S.  DONATI  t  With  our  computer  (IBM)  1800  a  photon  story  took  about  1/3  of  second  of 
calculation  time  • 
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Rapporteur  :  C.F.  (11)  Pierre  HALLEY 
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» 


Plan  des  discussions 

1. -  Sur  1* application  k  l’optique  oceanographique  des  metliodes  gCnerales  interessant 

la  propagation  des  ondes. 

2. -  Sur  la  communication  du  Dr.  MORBL  "Rcsultats  experimentaux  sur  la  diffusion"  (papier  30) . 

3. -  Sur  la  fonction  de  transfert  de  modulation  (MTF)  et  des  effets  non-lineaires. 

4. -  Sur  la  diffusion  sous  petit  angle,  et  de  la  limitc  de  la  fonction  de  diffusion  (VSF) 

pour  un  angle  nul , 

5. -  Sur  un  systfime  de  notation  international  propre  k  l'optique  ocdanographique . 

Un  programme  de  recherches  a  etc  present^  par  le  professeur  J.  TYLKR  (papier  43). 
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OPTICS  ROUND  TAiiUi  DISCUSSION 


Chairmen  :  Prof.  J.  TYLIiR  and  Dr.  li.  iiODARA 
Rapporteur  :  C.P.  (11)  Pierre  UALLCY 


1.-  Prof,  TYLER  :  I  have  several  questions  I  want  to  discuss,  but  I  a a  sure  you  have  plenty  also. 

-  C.F.  HALLEY  :  Merci,  Monsieur  le  President,  Je  voudrais  conmcncer  notre  table  ronde  par  un  peu 
de  philosophic.  J'ai  essay 6  a  propos  du  milieu  narin,  de  reunir  des  radio-electriciens  et  des 
opticiens,  ceci  paree  que  j'ai  constate  que  dans  bien  des  cns  il  ctait  fructueux  de  mettre  en 
parallele  les  scientifique3  de  la  radio-€lectricite  et  de  l'optique, 

Je  constate  les  difficulties  considerables  que  vous  rencontres  en  optique  dans  le  milieu  oarin. 

Nous  semes,  nous  les  radio-electriciens,  les  heritiers  de  l'optique.  On  a  fait  une  theorie  solide 
electro-magnetique  de  la  radio-electricitc,  et,  partant  des  concepts  de  l’optique  et  de  ses  prin- 
cipes  on  a  construit  un  outil  tres  puissant  qui  peraet  de  resoudre  les  problemes  de  propagation 
des  ondes  electroraagnetiques  dans  l'atmosphere  comne  dans  la  mer  ou  dans  d'autres  milieux.  Et  je 
constate  que  ces  methodes  qui  sont  des  demarches  asse2  naturelles  de  l'esprit,  qui  partent  d'e- 
quatior.s  de  la  physique  auxquelles  on  applique  les  mathdmatiques  ne  sont  pas,  en  ce  moment  tout 
au  moins,  praticables  dans  le  domaine  de  l'optique.  Je  croio  que  ce  n’est  pas  dQ  a  la  nature  elec¬ 
tro-oagnetique  du  champ,  ;•!.  VIRGIN  nous  disait  1'autre  jour  que,  dans  un  milieu  constitue  de  stra¬ 
tifications  avec  un  interface  irregulicr  et 'un  fond  irregulier,  i2  pouvait  faire  la  theorie  de  la 
propagation  d'une  vibration  quelconque,  qu'ello  soit  mecanique  elastique  ou  qu'elle  soit  electro- 
magnetique.  Je  dirai  la  meme  chose  pour  ce  qui  concerno  l'atmosphere.  On  peut  faire  la  theorie 
d'une  vibration  mecanique  elastique,  c'est-a-dire  d’une  onde  de  pression  ou  de  perturbation  de 
prcssion,  qu'il  s'agisse  de  la  bandc  sonore,  acoustiquc  ou  de  gravite.  On  part  des  equations  de 
la  physique,  un  certain  nombre  d'equations,  par  exerple  celle  des  gaz  parl’aits,  celle  de  i'equili- 
bre  hydrostatique,  celle  des  forces  appliquees  au  volume  elenentaire  de  gaz,  etc.,  sept,  huit, 
neuf.  On  en  eerie  autant  qu'il  y  a  de  variables  du  champ  qu'on  puisse  concevoir  ..  Ayant  ces  equa¬ 
tions,  la  premiere  des  choses  qu'on  fait,  en  general,  e'est  de  lineanser,  on  supposant  que  l'onde 
dont  il  s'agit,  qu'on  ne  connait  pas  encore,  est  une  onde  faible  qui  ne  modifie  pas  le  milieu  ; 
apres  quoi  on  fait  une  hypothese,  par  exemple  du  genre  W.K.B. ,  et  on  arrive  finalenent  sous  forme 
matricielle  par  exemple,  a  une  equation  de  compatibility,  qui  e3t  ce  que  nous  appelons  une  equa¬ 
tion  de  dispersion,  et  avec  un  peu  de  chance  on  aboutit  aussi  a  1' indice  de  refraction.  On  arrive 
mSme,  a  condition  de  se  dormer  un  peu  de  peine,  a  definir  une  fonction  potentielle.  On  en  derive 

■  les  scalaires  et  les  vecteurr  du  champ.  Par  exemple,  la  pression,  la  densite,  la  vitesse  du  gaz, 
etc,.  On  definit  un  rayon,  c'est-a-dire  une  direction  de  propagation  de  l'energie,  on  precise  que 
le  milieu  est  anisotrope,  en  presence  du  champ  de  gravite  et  du  champ  magnetique  terrestre,  etc. 
Ainsi,  ces  excursions  de  la  pensee  ne  sont  pas  particulieres  a  l'onde  sonore  ou  a  l'onde  electro- 
magnetique,  ce  ne  sont  que  des  demarches  courantcs,  Je  m'aperqois  done  que  bien  que  les  theori- 
ciens  de  1’ eiectro-magnetisne  soient  les  heritiers  de  l'optique,  l'optique  ne  peut  pas  appliquer 
ces  methodes,  sans  doute  parce  qu'il  s'agit  de  petites  longueurs  d’onde,  le  milieu  ne  peut  pas 
etre  considere  comne  compose  de  stratifications  homogenes,  il  n'est  pas  question  d'utiliser  les 
methodes  "full-wave",  (toute  onde),  Il  est  vrai  que  le  milieu  auquel  vous  avez  a  faire  vous  reser¬ 
ve  tous  les  desagrements  possibles.  Il  e3t  turbulent,  il  est  diffusant  et  la  diffusion  est  aniso¬ 
trope,  Cn  comprend  olors  que  vous  soyez  obliges  presque  d'abandonner  les  concepts  usuels  et  aussi 
d'en  degager  d'autres,  comme  ce  qui  a  etc  fait  ce  matin,  je  crois  par  M.  HONEY. 

Je  vous  demande  li,  le  President,  s'il  n'est  pas  convenable  a  une  autre  echelle,  par  exemple  a  une 
echelle  "icroscopique,  d'essayer  de  degager  des  equations  l’cndamentales  pour  retrouver  des  theories 
qui,  a  1'aide  des  cathfimatiques,  vous  permettraient  d'obtenir  des  resultats  tres  solides,  comae 
ceux  que  nous  obterions  par  exemple  dans  l'atmosphere.  Merci,  M.  le  President, 

-  Prof.  TYLER  :  Have  you  any  comments  on  this  ? 

-  Dr.  KODARA  :  Well,  I  think  it  is  a  philosophical  question  you  are  asking,  actually.  I'll  answer 
it  in  that  style. 

What  makes  the  problems  alikg  or  different  is  determined  by  scale  sizes,  wavelength,  X  and  refrac¬ 
tive  index  fluctuations,  <An‘>,  A  good  example  is  to  compare  these  quantities  for  optical  waves 
in  atmosphere  and  water  and  VHF  radio  waves  in  the  ionosphere; 


optics 

(  sea 

3 /X  =  10“ 

<An2> 

•v  10“^ 

("1  u) 

|  troposphere 

s  A  =  103 

<hn2> 

-  ID"12 

VHF 

Ionosphere 

a/X  =  loj 

<hn2> 

10-12 

(300  MHz) 
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Optics  in  the  atmosphere  and  VHF  in  the  ionosphere  encounter  the  sane  types  of  irregularities  so  that 
similar  mathematical  techniques  con  be  employed.  On  the  other  handj scale  size  to  vavclength  ratio  for 
und»rvater  optics  and  sea  water  refractive  inhonogcneity  fluctuation  ore  for  enough  apart  to  call  for 
different  techniques  so  what  makes  the  difference  is  not  whether  one  uses  optica  or  radio  but  the  fact 
that  sea  water  does  not  look  the  same  as  air  to  optical  woves.  There  has  been  in  the  past  a  basic  dif¬ 
ference  in  the  mathematics  of  optics  and  radio  because  optics  could  only  deal  with  intensities.  Since 
lasers  came  out  a  complete  merging  of  classical  electromagnetic  techniques  into  optics  ..ns  taken  place, 
■  Now  we  have  a  whole  field  of  so-called  coherent  optics  which  puts  all  problems  of  radio  and  optics  on 
the  same  common  basis.  Anyway  ,  why  don't  we  continue  this  discussion  later  on  Saturday-,  O.K.  T 

~  Dr.  CONDELL  :  Do  you  think  it  would  be  safe  to  say  that  when  the  radio  physicist  solver the  sporadic  E 
problem,  the  optical  physicist  will  have  solved  the  problem  of  propagation  in  water ? 

I  -  Dr.  HODARA  :  Never.  The  scales  we  deal  with  in  the  water  are  live  ones  I  Planktons,, etc  ...  Although 

a  counterpoint  exists  in  the  atmosphere.  We  get  radar  returns  from  birds  and  butterflies,  you  knov. 

-  C.F.  HALLEY  :  Oui,  sans  doute.  Toutefois  je  persistc  a  penser  que  les  fitudes  dans  un  donaine  en  appa- 
rence  special,  comme  celui  qui  nous  occupe,  participent  aux  grands  courants  du  progres  de  la  physique 
et  en  dependent. 

2-  Prof.  TYLER  :  Are  there  any  questions  in  connexion  with  the  talks  wo  have  had  today?  Are  there  a nj 
topics  you  would  like  to  discuss? 

I  was  very  much  interested  in  H.  MOREL* s  talk,  particularly  in  some  of  the  questions  that  were  asked 
him.  I  think  Dr.  VIRGIN  asked  him  about  polarisation  in  this  gathering  and  I  wonder  whether  we  could, 
perhaps,  spend  a  few  minutes  in  discussing  this  point  since  it  may  have  some  very  interesting  features 
from  the  aspect  of  plankton  behaviour. 

-  Please, M.  MOREL. 

-  Dr.  MOREL  :  Nous  avons  surtout  fait  do3  mesuros  do  polarisation  a  l'anglc  de  diffusion  de  90°  dans  un 
premier  temps,  parce  que  e'est  d  cet  angle  que  l'on  obtient  la  polarisation  maximale  pour  la  lumiere 
diffusee  dans  le  cas  des  eaux  de  mer.  On  a  cherche  u  savoir  3X  le  taux  de  polarisation  etait  correle 
au  coefficient  de  diffusion  :  Lons  des  eaux  turbides,  pur  exemple,  la  depolarisation  etait  (le  20  ou 
25  1  et  decroissait  souvent  vers  10  ?  lorsqu'il  s'agissait  d'eau  tres  claire,  on  a  cherche  a  savoir 
si  e'etait  une  loi  generale.  II  semble  qu'd  90°  ce  soit  une  loi  assez  generale  :  Done  en  premiere 
approximation  20  £  serait  la  depolarisation  caracteristique  des  particulcs  marines  et  lorsque  les 
eaux  deviennent  limpides  la  depolarisation  decroitrait  vers  10  %  qui  est  caracteristique  de  la  dif¬ 
fusion  moleculaire  pair  l'eau  (exactement  9  %,  ce  qui  correspond  a  une  polarisation  de  83  £).  Ensuite, 
on  a  cherche  a  savoir  s'il  etait  possible  dans  certains  cas,  c'est-a-dire  dans  les  eaux  profondes, 
d'observer  quelqucfois  des  particulea  plus  polarisantes ,  c'est-a-dire  des  particuies  trSs  petites  qui 
d'apres  la  theorie  de  Mie  par  exemple,  donneraient  des  polarisations  tres  importanteB  a  90  £,  En  rea- 
lite  on  n'a  jamais  trouve  quelque  chose  de  trSs  significatif ,  on  n'a  jamais  trouve  de  dbpolariaation 
inferieure  a  10  £.  Ensuite,  sur  des  indicatricea  de  diffusion,  au  lieu  de  faire  la  mesure  de  l’indi- 
catrice  de  diffusion  entre  30°  et  1J0°,  en  lumiere  naturelle,  nous  avon3  fait  ces  mesures,  d'une  part, 
en  mesurant  la  composante  verticale,  d'autre  part,  en  mesurant  la  composante  horizontale.  J'ai  fait 
pas  mal  de  mesures,  mais  jc  n'ai  pas  de  resultat  a  presenter  de  faqon  statistique. 

D'une  faqon  generale,  en  cssayant  de  soustraire  ce  qui  revient  a  la  diffusion  moleculaire,  et  en  con- 
siderant  ce  qui  reste,  il  semble  que  les  particuies  marines  aient  un  facteur  de  depolarisation  assez 
symetrique  autour  de  l'ongle  90°,  100°,  a  cet  angle  la  depolarisation  eot  de  l'ordre  de  15  ou  20  £ 
uniquement  attachee  aux  particuies.  La  lumiere  est  pratiquement  completement  dfepolarisee  a  30°,  (le 
taux  de  depolarisation  est  de  85  %).  Vers  150°  on  a  une  valeur  &  peu  pres  semblable. 

Quand  on  cherche  a  interpreter.  thCoriquecent  ces  resultats  on  est  exactement  confronts  au  probleme 
d' interpreter  1'indicat.ice  de  diffusion  des  particuies  marines  en  lumiere  naturelle.  C'est  le  merae 
probleme.  Notre  premiere  conclusion,  au  vu  des  courbes  de  distribution  de  particuies  telles  que  celles 
,  qui  ont  €te  obtenues  par  M.  RADER  a  "l'Institut  of  Marine  Science"  de  Miami  et  d'autres  courbes  de 

distribution  de  particuies  obtenues  dans  notre  laboratoire  avec  un  appareillage  semblable,  est  que 
cette  distribution  des  particuies  marines  presente  unc  courbe  croissante  vers  les  petite3  tailles 
et  ceci  d'une  faqon  continue.  Si  on  veut  utiliser  complStencnt  ces  courbes  et  chercher  la  bonne  ex¬ 
plication  a  la  forme  de  1'  ir.dicatrice  cela  implique  d'additionner  des  ir.dicatrices  obtenues  par  la 
theorie  de  Mie  dans  un  intervalle  de  saille  pour  lequel  les  tables  ne  sont  pas  calculees  actuellement. 
En  particulier,  il  faudrait  jusqu'a  dos  valours  du  paranetre  do  taille  «2itR/X  superieures  a  100  ou 
150.  D'autre  part,  les  tables  actuelle.  ont  ete  calculees  avec  des  increments  d'indice  qui  aont  trop 
6rnnds  et  des  increments  de  taille  aussi  trop  grands  pour  Stre  utilises  dans  le  cas  d'une  courbe  da 
distribution  continue  comme  cello  trouvee  experimentalcmcnt.  En  conclusion,  si  l'on  veut  resoudre 
completement  lc  probleme,  il  faut  d'abord  gcncrer  des  fonctions  de  Mie,  cn  beaucoup  plus  grand  nombre 
que  celles  qui  sor.t  disponiblen  actuellement ,  Cela  represente  un  tres  gros  programme  de  calcul  qui 
ne  sera  sQrenent  pas  fait  pour  les  particuies  marines,  car  on  n'obtiendra  jamais  d'argent  pour  le 
faire. 

-  Dr.  HODARA  :  Have  you  made  measurements  of  depolarisation  versus  angle  1  Can  you  get  then  on  the 
board  t 

-  Dr.  MOREL  :  (expose  au  tableau  noir  :  voir  note  complcmentaire  Ii°  1) 

Je  dois  dire  quo  contrairement  par  exemple  d  des  cxperi.nces  sur  la  forme  generale  de  1 'ir.cicstrioe 
de  diffusion  cn  lumiere  naturelle,  ou  sur  la  question  de  selectivity  de  la  diffusion  pour  laquelle 
1  j'ai  beaucoup  de  mesures  expcrimonsoles .  sur  la  polarisation  jc  n'ai  pas  un  nombre  tres  grand  de  va¬ 

lours  experimentales  qui  permettraient  uri  traitenont  statistique  dc  ces  donnees. 
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Dr,  HODARA  :  If  you  have  depolarisation,  does  that  near,  that  you  liavc  multiple  scattering  from  this 
particle  7 

Dr.  MOSEL  s  Non,  en  gfinSral  si  vous  eclairez  un  milieu  diffurant  en  lumifire  naturelle,  quand  vous 
6tudiez  la  luaiere  diffusfie,  en  diffusion  premiere,  elle  est  settlement  partiellenent  polarisSe. 

Dans  le  cas  de  la  diffusion  theorique  de  Rayleigh,  vous  auriez  effectiveaent  une  polarisation  complete 
a  90°  et  settlement  a  cet  angle,  aais  en  realite  coone  les  molecules  d'eau  sont  onisotropes,  la  luaiere 
n'est  pas  complStement  polarisee  a  90°.  La  depolarisation  est  de  9%  par  exeaple  dans  le  cas  de  l'eau, 
elle  est  dans  le  cas  du  benzene  de  1*3  si  j’ai  bonne  meaoire,  e'est-a-dire  que  la  luaiere  est  rela- 
tivement  peu  polarisee  dans  le  cas  de  la  diffusion  noleculaire  du  benzene,  Et  dans  le  cas  des  parti- 
cules,  e'est  aussi  un  phenoaSne  de  ce  genre,  si  vous  iiciairez  en  luaiere  naturelle,  vous  observez 
dans  la  luaiere  diffusCe  un  certain  taux  de  polarisation  et  par  exeaple,  la  theorie  et  1' experience 
l'ont  montr6,  vers  les  petits  angles  la  lumiere  diffusee  est  tres  peu  polarisee  et  d  la  fin  r.e  l'est 
plus  du  tout.  C'est-d-dire  qu’a  partir  des  angles  de  10°  par  exeaple,  pour  des  particules  suffisacnent 
grosses,  la  luaiere  n’est  plus  du  tout  polarisee.  Beardsley  a  fait  baaucoup  de  aesures  je  erois  sur 
la  polarisation  de  l'indicatrice. 

Prof.  TYLER  :  If  one  considers  the  fora  of  the  various  radiance  distribution  curves  on  a  sunny  day; 
for  example,  the  maxinua  of  the  distribution  curve  would  be  slanting  towards  the  rays  which  ore  refrac¬ 
ted  from  the  sun,  and  this  then  becomes  a  bean  of  light  which  is  entering  a  scattering  nediun.  Polari¬ 
sation  will  occur  at  right  angles  to  this  bean.  Observing  this  from  belay  the  water  you  will  see  at 
least  in  two  directions  the  angle  of  polarisation  tilted.  How  if  you  go  deeper  in  the  water,  the  sane 
water,  and  presuming  it's  homogeneous; the  aaxiaua  radiance  moves  towards  the  zenith,  so  that  all  these 
polarisation  factors  will  tend  to  becoae  horizontal,  and,  in  fact  ,  fron  this  sort  of  heuristic  ar¬ 
gument  I  would  expect  polarisation  to  increase  with  depth  on  an  overcast  day.  Do  you  agree? 

Dr.  MOREL  :  I  don’t  know  exactly  because  I  have  not  done  any  measurement  of  this  kind  of  polarisation 
in  water. 

Prof.  TYLER  ;  Are  there  others  who  would  like  to  nakc  sone  comments  on  polarisation? 

Could  I  ask  you  about  your  original  thought,  did  you  say  something  about  the  activity  of  plankton  ? 

Dr.  COHDELL  :  I  presume  that  it  would  have  to  do  with  the  activity  of  plankton,  yes,  whether  indeed 
this  might  not  be  considered  as  some  type  of  polar  structure  which  did  orient  itself,  for  instance; 
according  to  temperature  gradiance,  to  light, to  radiance,  and  so  on. 

Prof.  TYLER  :  Veil;  I  would  like  to  say  that  research  has  been  done  on  sea  need  fucua,  and  it  was 
found  that  a  larger  than  expected  number  of  plants  oriented  in  s  certain  direction  under  polarised 
light.  With  no  polarised  light,  they  did  not  grow  this  wsy  at  ail.  I  think  Waterman  at  Yale  has 
also  found  some  orientation  effects  with  marine  animals  under  polarized  light.  But  somehow  I  think 
these  effects  suet  all  disappear  at  great  depths. 

Dr.  HODARA  •  Has  anyone  made  measurements  at  any  recent  date  of  scattering  lengths  at  great  depths 
who  ha  any  values  to  report  ?  Measurements  of  a  and  o  at  great  depths  ?  Has  any  one  cade  measurements 
recently  and  would  he  like  to  report  on  them  ? 

For  example;  on  scattering  coefficient  and  attenuation  coefficient  ? 

Dr.  MOREL  :  We  have  done  some  measurements  of  total  scattering  coefficient  in  deep  water,  but;unfor- 
tunately;not  of  the  attenuation  coefficient.  Total  scattering  coefficient  in  deep  water  (it  neons 
at  thousand  meters  depth  or  more)  in  the  Mediterranean  and  also  in  the  Atlantic  Ocean  (near  Madeira 
and  the  Aqore  Islands)  is  often  around  1 . 10”£  n“  . 

It  means  that  the  molecular  scattering^nthe  total  coefficient  cakes  something  like  16  %t  because 
molecular  scattering  gives  16  or  17.10“  nt  (at  550  nc). 

Dr.  COHDELL  :  This  seems  to  be  a  very  low  number.  There  are  some  data  from  the  Atlantic  .t  greater 
depths.  If  my  memory  serves  me,  I  think  these  numbers  are  about  0,027. 

Dr.  MOREL  :  For  us  the  minimum  value  was  0,01,  or  something  like  that.  By  two  vaysj  the  first  one 
is  with  a  small  angJe  integrating  apparatus  which  is  calibrated  against  the  beam  itself,  and  the  other 
method  is  an  indirect  method  measuring  the  scatteriiig  function  at  30;  and, considering  that;thc  ratio 
between  B  3C°  and  b  is  a  constant.  And  it  gives  us  almost  the  sane  value. 

Dr.  DOHATI  :  Arc  there  sone  results  on  circular  polarisation  of  light  in  water  propagation  ?  That  is, 

I  heard  of  a  method  concerning  the  improvement  of  visibility  that  deaxs  with  circular  polarisation. 

I  was  interested  in  knowing  what  improvement  does  it  yield  in  vatcr  propagation  ? 

Dr.  HODARA  :  X  have  some  result o,  I  don't  have  them  all  In  my  head,  but  I  can  send  a  report.  The  im¬ 
provements  in  reducing  backscatter  in  artificial  water,  water  I  made  turbid,  ware  of  the  order  of  8  : 

l~3cmething  like  that.  These  were  experiments  in  a  vater  tank  done  with  a  laser  and  a  photo-nultiplicr 
so  we  could  get  electronic  measurements.  A  year  earlier  Cory  Gilbert  measured  backscatter  improvement 
with  polarisation  photographically.  We  found  this  method  of  backscatter  reduction  very  unreliable  — 
because  of  what  Morel  said,  we  get  lot  of  depolarisation.  The  principle  of  the  method  is  based  on  ti.e 
fact  that  a  target  is  most  of  the  tine  depolarising,  while  the  scattering  elements  supposedly  do  not. 
Although  measurements  were  made  with  linear  polarisation  circular  polarisation  gives  t«e  same  result 
because  circular  polarisation  is  nothing  else  than  a  linear  superposition  of  2  orthogonal  linear  pola¬ 
risations. 

The  inly  advantage  of  circular  polarisation  is  that  you  do  not  need  to  maintain  a  fi»j  relative  orien- 
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tation  between  the  source  and  the  receiver. 

-  :  Did  you  note  any  difference  in  the  amount  of  the  extinction  ratio  between  the  croas- 
polariser  and  the  circular  polariser  as  a  function  of  separation  angle;  angle  between  the  source 

and  receiver? 

-  Dr.  HODARA  :  We  made  detailed  measurements  but  the  rejection  of  that  scatters  by  polarisation  ... 
is  a  function  of  the  angle  at  which  you  would  look  at  the  return  so  that  xf  you  are  within  a  20  -  30° 
angle  it  is  quite  different  from  if  you  were,  say , at  90S 

-  :  Is  there  any  difference  between  circular  and  linear  polarisation  ? 

-  Dr.  HODARA  :  There  is  no  difference.  There  should  not  be  any. 

-  :  But  you  made  no  measurements,  though  ? 

-  Dr.  HODARA  :  Just  a  couple  to  satisfy  someone  else  that  there's  no  difference.  There  is  no  sense  in 
making  those  measurements.  Linear  polarisation  measurements  should  be  sufficient  to  establish  the  re¬ 
lative  improvement  in  backscatter  reduction. 

3-  Dr.  VIRGIN  :  I  have  a  question  about  the  MTF  modulation  transfer  function.  I  don't  know  who  mentioned 
that  you  could  indifferently  under  the  hypothesis  of  a  linear  transformation  between  the  image  and  the 
object  consider  the  impulse  response  or  the  sine  wave  response  to  evaluate  the  image  quality.  I  was 
wondering  if  this  might  not  constitute  a  valid  test  of  the  linearity  of  the  ocean  medium  as  an  image¬ 
forming  system.  In  other  words^take^for  instar cejthe  impulce  response  with  the  point  source,  measure 
the  image  and  from  that  derive  the  sine  wave  (HTF)  response.  Then  operate  the  other  way  round,  see  if 
you  come  to  the  same  results.  I  was  wondering  if  a  test  like  this  had  been  made  already,  because  it 
does  not  seem  to  me  obvious  at  all  that  the  ocean  medium  can  be  considered  as  a  linear  transformer  of 
the  images. 

-  Ur.  ZANEVELD  :  Yes,  I  think  it  would  be  a  good  test,  but  it  has  not  been  performed.  I  should  say  that 
as  far  as  linearity  is  assumed  this  is  only  linearity  in  oontraat.  In  ether  words,  if  you  have 

two  point  sources,  then  the  intensity  received  a  distance  away  will  simply  be  the  sum  of  the  intensi¬ 
ties  received  from  these  two  sources.  This  is  all  you  can  say  if  the  linearity  of  the  sea  water  goes 
as  far  as  contrast,  and  I  think  this  is  a  reasonable  assumption.  If  you  have  coherent  light  sources 
you  will  probably  get  3ome  interaction  but  you  won't  get  the  same  intensities.  So  assuming  incohe¬ 
rent  light  sources,  you  can  say  that  the  contrast  adds  linearly. 

-  Dr.  VIRGIN  :  There  is  another  reason  why  it  is  not  so  obvious.  It  seems  to  me  that  the  radiation  cha¬ 
racteristics  of  a  point  source  in  water  would  be  very  different  from  that  of  a  beam,  because  when  you 
reason  on  a  sine  wave  response,  I  suppose  you  are  concerned  with  an  infinite  wave,  whereas  in  practice 
you  have  t.o  consider  a  beam  in  water. 

Intuitively^  it  seems  to  me  that  the  scattering  characteristics  in  water  would  be  very  different,  spe¬ 
cially  would  be  a  function  of  the  particles  that  you  encounter  and  so  forth, 

-  Dr.  CONDELL  ;  Perhaps  I  am  a  little  bit  confused. 

Whether  the  light  is  so-called  coherent  or  incoherent,  as  long  as  the  index  of  refraction  is  not  depen¬ 
ding  on  the  intensity  of  light  over  the  range  you  are  using,  I  don't  see  how  it  is  possible  not  to  have 
an  OTF  meaning  in  the  sense  of  one-way  transmission.  How  whether  it's  a  paaotical  use  in  terms  of  three 
part  networks  or  something  like  that,  I  think  is  something  else  again,  but  have  I  missed  the  point  here? 

-  Dr.  WE  LIS  :  Well,  I  quite  agree  with  Dr.  COOZLL,  It  seems  as  though  the  linear  refractive  index 
principle  holds— as  you  certainly  expect  it  to  for  weak  interaction  of  light  and  medium.  Maybe  we  don't 
mean  the  same  thing  by  linearity.  I  have  the  feeling  that  there  is  some  comnunication  problem.  (Voir 
note  complementaire  2.) 

-  Dr.  HODARA  :  I  don't  think  that  is  what  they  meant.  Somebody  brought  that  up  a  couple  of  years  ago.  It 
has  nothing  to  do  with  the  change  of  index  of  refraction,  but  I  think  it  has  to  do  with  the  superposi¬ 
tion  cf  the  slices  when  you  calculate  your  modulation  transfer  functions,  some  other  form  of  linearity, 

I  know  it  has  nothing  to  do  with  what  we  call  usually  in  electro-magnetics  non-linear  interaction  :  the 
change  of  the  constitutive  parameters  of  the  medium  with  the  excitation  of  the  wave. 

-  Mr.  ZANEVELD  :  But,  X  think  what  you  are  talking  about  is  the  medium  itself  changing  due  to  interaction 
with  light  ;  what  we  are  talking  about  is  simply  the  fact  that  the  Fourier  type  mathematics  holds  when 
you  are  talking  about  the  images  in  seawater.  All  this  means  that  you  can  break  it  down  into  its 
Fourier  components,  and  treat  each  Fourier  component  independently.  And  when  you  have  calculated  how 
each  Fourier  component  decays  over  a  certain  distance,  then  you  can  add  them,  and  this  is  what 

you  mean  by  the  linear ' systjo.  Any  linear  mathematical  system  will  permit  this. 


-  Dr.  VIRGIN  :  But  there  can  be  a  difference  from  the  practical  measuring  point  of  view  because  in  a 
point  radiating  in  a  scattering  medium  you  can  have  a  situation  in  which  some  of  the  fields  are  scat¬ 
tered  out  of  the  receiver  ;  it  is  not  effectively  received  at  the  position  of  the  receiver,  and  this 
will  give  you  a  different  type  of  response.  In  the  situation  in  which  you  have  a  beam,  vhich  is  called 
plain  uave,  as  an  excitation  in  the  medi'im,  it  will  give  you  different  scattering  characteristics  and 
you  might  have  less  probability  of  the  fields  scattering  out  of  the  receptor.  So  you  might  be  measu¬ 
ring  two  different  things  in  the  end.  It  can  be  a  factor. 
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-  Mr.  ZANEVELD  :  I  think  what  I  mentioned  before  ia  that  you  aaaume  there  is  a  point  by  point  corres¬ 
pondence  between  the  object  plan§7the  imace  plane.  In  other  words,  when  you  are  in  the  image  plane 
and  look  at  the  object  plane,  you  will  see  a  point  from  vh\ch  the  light  appears  to  cone  ,  which  means 
ycu  arc  looking  in  one  direction  only.  So  if  you  are  talking  about  a  praotioal  problem  when  you  are 
receiving  a  signal,  the  angle  might  be  wider  in  oneoaee  then  in  some  other  case.  In  a  theoretical 
problem  you  are  simply  considering  a  point  to  point  conversion  ana  then  the  mathematics  j  toks  fine. 


It  -  Dr.  HODARA  :  I  think  this  is  a  semantic  p.oblen.  I'd  like  to  ask  another  question.  What  arc  the  la¬ 
test  measurements  that  have  been  made  on  the  narrow  angle  of  scatterings?  Does  onybooy  care  to  report 
on  smaller  angles  and  also,  on  how  this  scattering  function  should  approach  the  axis,  the  ordinate 
axis,  as  the  angle  becomes  smaller  and  smaller  ?  Maybe  somebody  would  like  to  comment  on  that  ? 

-  Dr.  HONEY  :  In  trying  to  make  this  kind  of  measurements  and  looking  back  on  the  data  with  ft  clearer 
understanding  of  the  kind  of  effects  tnat  index  of  refraction  turbulence  have  on  these  instruments^ 

I  have  come  to  the  conclusion  --whatever  instrument  you  build,  whatever  its  minimum  resolution  is— 
that  you  will  find  under  conditions  of  index  of  refraction  turbulence  a  peak  with  that  resolution. 

And  of  course  that  kind  of  reso.’.ution  is  only  relevant  if  you  ore  using  it  to  predict  the  performance 
of  an  optical  system  with  comparable  resolutions.  But,  for  instance,  in  making  these  measurements  that 
I  briefly  alluded  to  in  the  paper,  many  times  we  would  see  no  narrowing  or  forward  scatter  at  all  in 
well  mixed  surface  layers  of  th“  ocean, for  instance.  And  where  we  did  find  measurements  that  were 
greater  than  the  system  of  sensitivity,  where  we  did  detect  these  kinds  of  very  narrow  angle  forward 
scatter,  it  was  in  the  regions  of,Say,10  miles  off  the  Golden  Gate  where  you  would  expect  or  you 
have  reason  to  suspect  that  there  is  o  nixing  of  fresh  water  with  salt  water  of  thernogradient,  etc., 
and  the  picture  seems  to  be  false  altogether  after  the  fact  that  you  get  measurements  ard  some  very 
narrow  angle  scatters  on  some  occasions  and  not  on  others. 

-  Dr.  WELLS  :  All  Ihe  volume  scattering  functions  which  I  ploy  around  with  as  discussed  this  morning  want 

to  be  singular  at  the  origin  to  about  the  6  -3/2  power  of  the  angle,  which  did  not  particularly  bother 
me  sines  this  is  an  integrable  singularity.  In  other  words,  in  any  finite  solid  angle  that  t..e  detec 
or  subtends  you  always  get  a  finite  scattering  probability,  which  is  oomforting.  We  have  been  compu¬ 
terising  the  Hankel  transform  which  converts  the  MTP  to  volume  scattering  function  or  back,  whichever 
way  you  want  to  transform  it,  and  these  are  a  little  difficult  near  the  singular  areas,  but  you  can 
still  perform  then  all  right.  I  tried  to  invent  a  species  of  partioles  which  would  have  tnis  singular 
property  and  was  unable  to  do  so,  but  I  don't  really  see  any  reason  why  the  scattering  function  shouji 
not  be  singular  at  the  origin,  not  as  a  result  of  any  one  species  of  partioleB,  jl.u  Iron  the  distribu¬ 
tion  of  different  species.  I  don't  see  any  reason  why  there  can't  be  tun  ever  decreasing  density  of  aver 
larger  particles  which  scatter  stronger  and.  stronger  in  the  forward  direction,  starting  with  the  diatoms 
and  going  to  the'  large  turbulences.  Maybe  somewhere  inbe tween  these  sizes  there  is  scattering  from 
chemical  excretian  from  minute  organisms.  ^ 

-  Dr.  HODAHA  :  If  this  is  correct,  that  is.thc  approach  to  the  origin  as  e"  or  0-^'2  ,  it  means  that 
Chilton's  calculation  will  take  eighth  power,  it  means  that  he  would  have  to  change  this  "eta"  for 
different  angles  at  the  approach  of  the  origin.  These  two  types  of  functions  that  were  used  to  fit 
the  volume  scattering  function  are  entirely  different  near  their  origin,  and  I  woulc.  be  very  curious 

to  know  which  one  is  right,  if  we  are  interested  in  narrow  angle  forward  scattering.  Because  the  two^,2 
functions  obviously  don't  approach  the  origin  the  same  way,  and  perhaps  if  he  wa3  approaching  as  6 
it  would  explain  why  in  Chilton's  curve  fitting  he  has  to  change  (eta)  to  a  2n  H/A  value,  depending 
on  what  type  of  waters  he  is  in.  I  noticed  this  could  be  anywhere  from  10  to  the  1/3  to  10  to  the  1/8, 
and  it  is  difficult  to  adjust  an  explanation  on  this.  Maybe  you  have  some  comments  on  that  ? 

-  Dr,  HONEY  :  It's  true  that  he  picked  the  symbol  "eta"  to  characterize  what  happens  in  a  very  narrow 
angle  forward  direction.  He  did  qualify  that,  and  it  is  true  that  it  is  very  easy  to  pick  two 

or  three  or  whatever  number  of  parameters  you  want  for  that  purpose J  but  lacking  any  better  knowledge 
than  there  is  now  about  what  happens  in  that  forward  direction, one  seems  to  be  more  than  adequate  and 
maybe  it  still  is. 

-  Dr.  HODARA  :  Truly  speaking  that  A  would  be  a  function  of  "eta".  It  might  be,  but  than  you  might  wont 
to  pick  a  different  function, 

-  Dr.  HONEY  :  The  function  that  they  chose  is  based  on  the  kinds  of  thing:  that  happen  in  many,  nany  dif¬ 
fraction  problems  in  which  narrow  angle  scattering  is  important  and  so  it  seems  like  physically  a 
very  reasonable  choice.  But  if  there  is  some  reason  for  picking  another  function,  that  too  is  a  rela¬ 
tively  minor  perturbation  of  the  computer  program  that  has  been  set  up, 

-  Dr.  HODARA  :  By  the  way,  what's  the  closest  narrow  angle  scattering  measured  ? 

-  Dr,  HONEY  :  50  microradians. 

-Mr,  ZANEVELD  :  Yes,  I  think  you  probably  agree  that  the  scattering  due  to  particles  is  probably  sin¬ 
gular  at  the  origin.  How  I  was  wondering  whether  somebody  had  oome  ideas  on  the  scattering  due  to 
turbulence  ?  Perhaps  that  would  be  flat  at  the  top  and  when  added  in  real  sea  water  ',  then  perhaps 
it  would  remove  the  singularity. 

-  Dr.  HONEY  :  Helljit  is  not  really  singular.  I  don't  think  any  of  chose  things  we  arc  talking  about 
are  singularities.  They  are  diffractions  limited  by  the  size  of  the  booms,  of  the  objects  of  the  ins¬ 
truments  you  are  using  to  moature  them, and  that  is  not  a  singularity.  It  just  sets  a  limit  to  the 
resolution  of  the  instrument, 

-  C.P.  HALLEY  !  Monsieur  lc  President,  je  signale  quo  lo  depouillcncnt  do  l'enregistrcnent  oagnetique 
sera  a  peu  pr up  impossible  si  les  oratcurs  no  donnent  pas  leur  nor,  avant  d'exprincr  lour  opinion. 
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5  -  Dr.  CC'TSEIA: Could,  anybody  clear  my  ignorance  about  the  international  notation  which  has  been  adopted  I 

-  Dr.  MOhSL  :  I  think  Prof.  TYLER  is  well  placed  to  answer  this  question. 

-  Prof.  TYLE"  :  I  have  with  me  a  table  which  has  listed  the  optical  components  followed  by  the  units 
followed  by  the  IAPS0  notation  which  is  the  organization  which  adopted  the  evaluation  units,  note  : 

A  translation  in  French  of  this  IAPS0  terminology  is  given  by  A.  Ivar.off,  A.  Morel,  in  each 
Oceanogr.  XXII,  5,  U57.U66*,  and  I  also  have  put  into  this  table  symbols  which  were  adopted  by  the 
Optical  Society  of  America  some  years  before  that,  and  which,  I  am  sorry  to  say,  we  use  ourselves. 

Also  on  the  second  sheet  of  those  notes,  there  is  a  diagram  which  we  use  to  illustrate  the  program  we'ra 
following.  You  notice  in  large  outline  blocks  the  three  principal  measurements  which  we  feel  are 
needed  particularly  to  document  ocean  water,  these  are  the  scattering  function,  the  radianoe  dis¬ 
tribution  and  the  transmission.  Ana  then  below  and  above  these  three  are  noted  the  constants  and 
properties  which  you  can  derive  from  each,  (voir  papier  1*3,  pages  1*3-7  et  1*3-8). 

-  Dr.  HODAIiA  :  Would  any  one  of  you  care  to  end  by  pointing  out  or  reoo mending  what  future  work 
should  be  carried  out,, what  experiments  shou_d  be  done,  what  problems  -  perhaps  theoretical  or  expe  ¬ 
rimental  results-are  needed  to  be  solved,  I  think  it  would  be  good  to  summarize  this  ...ceting,  giving 
some  direction  to  the  meeting  by  pointing  out  future  areas  of  research. 

-■  Prof.  TYLER  :  Dees  anybody  feel  there  might  be  a  way  to  combine  optics  and  miciowoves,  for  example,  as 
Captain  HALLEY  suggested,  any  common  fi.xd,  any  common  ground  that  we  could  stand  on  ? 

-  Dr.  WELLS  :  I  think  you  can  see  a  similar  complexity — mnybe  I  should  e-11  it  confusion,  or  at.  least 

argument  amongst  people  —  in  the  caGe  of  the  scattering  of  radar  from  the  sea  b-'z  face  with  m 
consistent,  well  defined  theory. 

-  Prof.  TYLER  :  i'.eforc  wc  close  the  round  table  discussion.,  1  would  like  to  say  that  a.  lot  of  very 
interesting  and  new  information  has  come  to  ay  attention  during  this  meeting.  Also,  I  have  been 
impressed  by  the  way  tha  interpreter.!  have  managed  in  unite  of  the  fact  that  some  of  us  talk  too  fast 
and  others  talk  with  or.  accent.  I've  been  highly  impressed  by  the  organisation  of  the  auditorium. 

i  would  like  to  say  "Thank  You"  to  Captain  HALLEY  and  to  others  here,  as  well,  who  have  made  this 
meeting  possible.  Thank  you  very  such. 


NOTE  COMPLHiEllTAIRE  1  par  A.  MOREL. 

Pour  cet  echantillon  prcleve  cn  Manche,  asset  turbide  (le  7  juiilet  1965),  (6  90  v  7.10-1*  m”1)  la 
diffusion  moleculaire  .joue  un  .ole  faible,  et  la  polarisation  dc  la  lumiere  dif fusee  observee  peut  etre 
pratiquement  regardee  comme  caracteristique  des  particules  marines.  La  mesure  e3t  efftetuee,  le  polari- 
seur  Stant  dispose  sur  le  faisceau  incident  ;  sont  portees  on  fonc* ion  de  l'angle  les  composantes  hc- 
rizontales  et  verticales  (donnees  en  valeur  absolue)  selon  une  cchelle  logarizhmique.  Sur  la  2eme  figure, 
toujours  pour  le  mime  echantillon,  le  facteur  de  depolarisation  (e'est-a-dire  le  rapport  H/V  >»  6)  est 
porte  en  f on 7 1 ion  de  0.  7.' allure  dc  ces  courbes  est  generalc  ;  pour  la  retrouver  dans  le  cas  des  eaux 
claires  il  faut  retrancher  l'effet  de  la  diffusion  moleculaire  ;  cette  so^traction,  ainsi  que  la  perte 
de  sensibilite  due  a  1' introduction  du  polariseur,  font  que  dans  le  ca3  des  eaux  tres  linpides,  l«,a 
rSsultats  eevienr.ent  has&rdeux.  (voir  figures  1  et  2) 


ROTE  COMPLEKENTAIHE  2  par  P.  HALLEY 

En  electromagnetisme  clas&ique,  pour  resoudre  un  problume,  on  ecr;+  iec  equations  1.  cheap  qui  sont, 
primo  les  equations  de  Maxwell,  secundo  d'aulres  equations  supp]es''..„a'.  .  „  qui  lient  ent.'e  u.-x  les  vec- 
teurs  du  champ.  Si  les  milieux  physiques  qui  remplissent  le  -ocaine  ju  chomp  sont  te.ls  qu'on  puisse 
ecrire  en  tout  point  des  relations  lincaires,  telles  que  : 

D  «  l  E,  a  =  i  B  et  J  =  o  E 

,  c  u  et  o  etant  les  constantes  caracteristiquco  physiques  du  milieu  au  point  considcrc,  on  pout  dire 
que  les  milieux  sont  lincaires. 

Ces  caracteristiques  peuvent  etre  exprimees  sous  forme  tcn3orielie.  Dar.s  ce  cas,  chaque  composantc 
d'un  vecteur  du  champ  peut  etre  represented  par  une  fonction  lincaire  des  composantes  d'un  autre  vocteur. 

De  toute  rnani ere ,  si  le  systene  des  equations,  Ucvant  lcquel  on  3e  trouve  place,  ne  cocporte  que 
des  equations  liueaires,  diffcrentielles  ou  non,  on  peut  dire  que  l'on  considSre  des  offeto  lincaires. 

II  en  rcsiilte  quo,  en  regime  sinusoidal  entretenu  pur,  les  noubres  qui  nesurent  les  "intensiteo"  d'un 
des  scalaires  ou  d'un  des  vecte.  rs  du  champ  aux  differents  points  du  domaine  considcrc  sont  indepen¬ 
dents  du  temps  ct  constituent  ur.  ensemble  de  nonbres  proport ionnels  entre  eux,  dont  les  proportions  sont 
independontes  de  1' intensite  du  regime  entretenu. 

De  plus ,  dans  certains  probienes,  en  regime  sinusoidal  pur,  on  peut  definir  cn  chaque  point  du 
domaine  un  vccteur  d'omle  K,  per  li,  un  '.ndice  Je  refraction  de  phase  et  un  indice  d'extinction  line- 
aires.  Bien  entendu,  ceci  n'est  plu3  le  cas  loroquc  l’une  au  moir.o  des  equations  n'e3t  pas  ii,., aire  ; 

,-or  excmple,  lorsquc  l'cxpre3sion  .1  =  o  E  doit  etre  romplaoce  par  l'cxpression  plus  approchec 
2 

J  *  E  +  Og  E  ,  ou  par  tov.te  autre  expression  noo-lineaire.  ;uand  on  parlc  d  effet  non-lincaire  il 
faudraii  prcciser  quelle  equation  n'c3t  pas  finfiairc. 
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